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Preface

The crystallization and solidification properties of lipids are important physical
attributes that influence the functional properties of lipids in biological systems,
foods, personal care products, pharmaceuticals, and oleo chemicals. A basic under-
standing of lipid crystallization and solidification is fundamental to understanding
and optimizing products or systems containing lipids.

This book is a collection of papers from the American Oil Chemists’ Society
conference on Crystallization and Solidification Properties of Lipids held in Toronto,
Canada, in 2000. The purpose of this conference—as was the purpose of the AOCS
conference on Physical Properties of Fats, Oils, and Emulsifiers, which preceded this
conference by three years—was to provide the attendee with a combination of

o Plenary papers to provide an overview on the fundamental principles of lipid
cystallization

¢ Original research papers to update the most current research in the area of lipid
crystallization

e Papers covering application of lipid crystallization into food, personal care, and
pharmaceutical products

Hopefully the papers will be informative and sufficiently thought provoking to stim-
ulate new ideas and research in this field.

We would like to thank all of the authors for their contribution to a very successful
conference and for allowing their papers to be published within these proceedings. We
would also like to thank the AOCS staff for providing the organization and support to
make conferences and books such as this possible.

Neil Widlak
Richard Hartel
Suresh Narine
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Chapter 1

Molecular Aspects in Fat Polymorphism

Kiyotaka Sato
Hiroshima University, Faculty of Applied Bio Science, Higashi-Hiroshima, Japan 739-8528

Introduction

Polymorphism of fat crystals is an important phenomenon which relates the molec-
ular structures of fats to their macroscopic physical properties (1-3). This is
because melting and solidification behavior, morphology, and aggregation of fat
crystals in bulk and emulsions states are determined by the polymorphic modifica-
tions of the fats. For example, among the representative polymorphic modifica-
tions called o, B, and B, cocoa butter crystals in the confections are in the § modi-
fication, the fats in margarine and shortening are of B, and the a form was
revealed in chilled milk fats in the oil-in-water (O/W) emulsion state (4). Actually,
the polymorphic properties of fats in practical applications are determined by mul-
tiple factors; cooperating interactions among different triacylglycerols (TAG)
involved in every fat material (3), molecular interactions of the individual TAG
component (3), influences of crystallization and transformation under various
external conditions (in particular, temperature variation and shear) (6), interactions
between the fats with the other ingredients such as minor components (7), emulsi-
fiers (8), etc. A lot of work is needed for clarification of the mechanisms control-
ling the polymorphic behavior of the fat crystals.

In this chapter, molecular factors affecting structural behavior of fat polymor-
phism are discussed in terms of internal influences of the TAG molecules. In par-
ticular, the influences of fatty acid compositions and their positions connected to
glycerol carbons on the polymorphism of fat crystals are of primary concern. It has
been known that the fats with simple and symmetric fatty acid compositions tend
to exhibit typical o, B’, and B forms, whereas those with asymmetric mixed-acid
moieties often make the B’ form more stable (1,9). In the mixed-acid TAG contain-
ing unsaturated fatty acid moieties, the number and conformation of the double
bond, cis or trans, give rise to remarkable influences on the polymorphic structures
(10-12). The TAG containing different saturated fatty acids with different chain-
lengths also revealed quite diversified polymorphism (13-15). Therefore, it may
be worthwhile now to discuss the molecular aspects of the polymorphism of fats.
This consideration may also be a prerequisite for molecular design of structured
fats, in combination with nutritional and metabolic properties.
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Fat Polymorphism: Definition

The nature and compositions of three fatty acid moieties of a TAG molecule,
defined R, R,,and R,, determine its chemical property (1). The three polymorphs,
called o, B/, and B are based on the subcell structures, which define cross-sectional
packing modes of the zigzag aliphatic chain, as shown in Figure 1A (16). The
chainlength structure produces a repetitive sequence of the acyl chains involved in
a unit cell lamella along the long-chain axis, playing critical roles in the mixing
phase behavior of different types of the TG in a solid-phase. Double chainlength
(DCL) structure is formed when the chemical properties of the three acid moieties
are the same or very similar. By contrast, when the chemical properties of one or
two of the three chain moieties are largely different from the others, a triple chain
length (TCL) structure is formed because of chain sorting, as verified by single-
crystal analysis of 1,2-dipalmitoyl-3-acetyl-sn-glycerol (PP2) B form (17). Quatro-
layer and hexa-layer chain-length structures shown in Figure 1B have been report-
ed for the TAG containing asymmetric fatty acid moieties (14), whose details are
discussed in this chapter.

Fig. 1. (A} Three typical sub-
cell arrangements and (B)
four typical chainlength
structures.




Molecular Aspects in Fat Polymorphism 3

Molecular Interactions in TAG

Figure 2 illustrates diversity in the fatty acid types and compositions of the TAG.
The mono-acid and mixed-acid TAG are defined, respectively, on whether the
fatty acid chains are of the same fatty acid molecules or not. Even for the mono-
acid TAG, the diversity maintains in chainlength and parity (odd or even numbers
of carbon atoms) of the fatty acids, the number and position of the double bond and
the conformation of the double bond, cis or trans, etc. As for the mixed-acid TAG,
polymorphic diversity is superimposed over that of the mono-acid TAG in the
form of sn (stereo-specific numbered) position.

The relevance of the molecular structural diversity of the TAG to practical
application may be understood by taking some examples of natural fats: cocoa but-
ter with major TAG of POP (1,3-dipalmitoyl-2-oleoyl-sn-glycerol), POS (1,3-
palmitoyl-stearoyl,2-oleoyl-rac-glycerol) and SOS (1,3-distearoyl-2-oleoyl-sn-
glycerol), milk fats whose major TAG are saturated-unsaturated mixed-acid TAG,
and mixed-acid TAG with saturated fatty acids having different chainiengths (2).
In these natural fats, few mono-acid TAG are present as major TAG components,
and the major fats are composed of the mixed-acid TAG. Therefore, it is required
to elucidate for the polymorphic structures of the mixed-acid TAG.

Figure 3 illustrates major molecular interactions which are thought to be most
influential in exhibiting the polymorphic structures of the fats: (i) aliphatic chain-
packing caused by hydrocarbon chain-chain interactions, as revealed in the subcell
structures shown in Figure 1A; (ii) glycerol conformation whose influences may
act through dipole-dipole interactions of the glycerol groups; (iii) methyl end
stacking whose influences may play important roles in organizing different chain-
length structures; and (iv) olefinic interactions which may be predominant in poly-

(sn-1) ?HZ—O-CO-R1

(sn-2) CH-0-CO-R,
I

(sn-3) CH,-0-CO-R;

mono-acid

*saturated: chainlength, odd/even

*unsaturated: chainlength, odd/even,
number and position of
double bond, cis/trans

mixed-acid

*different chainlength

*saturated/unsaturated Fig. 2. Diversity in fatty acid composi-
*sn-position tions of triacylglycerols.
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aliphatic chain
packing —

glycerol —
conformation ¥-

olefinic
interaction

double triple

y

Fig. 3. lllustration of molecular interactions most influential to structural stabilization
of triacylglycerol crystals.

morphic occurrence of the mixed-acid TAG containing the unsaturated fatty acid
moieties.

This category of the molecular interactions and its implication may be well
understood, if one thinks of saturated-unsaturated mixed-acid TAG, such as SOS
(Table 1, to be further discussed below). SOS has five polymorphs in which the DCL
structure appears in the least stable polymorph of o, and TCL is revealed in the more
stable forms of vy, [}, and two B forms (10). This means that structural stabilization
prevails in the TCL structure compared with the DCL structure. Apparently, the
modes of the methyl end stacking and glycerol conformation look simpler in the DCL
structure than in the TCL structure, since two types of the methyl end stacking are
formed, and thereby local molecular packing around the glycerol groups may be
destabilized in the TCL structure. However, in the case of SOS, stearic hindrance
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around the olefinic groups might make the DCL structure unstable, and the TCL
structure may release this unstability despite its complicated methyl end stacking and
the glycerol conformations.

Taking into account the above category, we will discuss the latest work on the
molecular structures of the mixed-acid TAGs in the next sections.

Molecular Structures of Mixed-Acid TAG

PPn. In PPn, the carbon number of the sn-3 fatty acid chain (even-numbered, n) was
varied from 2 to 14, while palmitic acid at the sn-1 and sn-2 positions was unchanged
(13). Likewise, PPn was not racemic, but optically active. Figure 4 shows the occur-
rence of polymorphic forms of PPr, in which the number of polymorphic forms, rela-
tive stability of B and B, and the chainlength structure varied in a drastic manner. For
example, the single-chain structure was observed in the o forms of PP4, PP6, and
PP8, hexa-chain, and quatro-chainlength structures were seen in §’; of PP10 and ',
of PP14, respectively (15). Interestingly, these unusual chainlength structures were
often revealed in the metastable forms. As to the most stable form, B was for PP2,
PP4, PP10, and PP12, whereas B’ was for PP6, PP8, and PP14. Single-crystal X-ray
structural determination proved that PP2 B was of the DCL structure with the T}, sub-
cell (17) and PP14 B, was of the four chainlength structure with the hybrid
orthorhombic subcell structure (18). In this section, we discuss the molecular struc-
tures of PP2 B and PP14 ', as shown in Figure 5.

PP2 B is of the DCL structure (Fig. 5A) in which the palmitic acid chains are
packed in the same leaflet, whereas the acetic acid chains are arranged in the same

n 2 4 6, 8

form o fPBlapP B|a B

chain-| 2 3 2|1 3 2|1 3
length

n 10 12 14

fom | o B3 B, By B |a By B B | a B2 By

chain-{2 2 2 6 3|2 2 2 2|2 4 2
length

Fig. 4. Polymorphism in PPn with different chainlength of the sn-3 chains.
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Fig. 5. Crystal structures of (A) PP2 B, and (B) PP14 f',.

plane as the glycerol groups due to its short chainlength (17). In other words, no
independent leaflet was formed for the sn-3 acetic acid moiety. Therefore, the
methyl end stacking is singly defined for the palmitic acid moieties, as shown in
Figure 5A. From this, it is found that the glycerol conformation is most influential
to stabilization of palmitic-acetic chain-chain interactions at one side, and the
methyl end stacking is also influential at the other side in forming the DCL struc-
ture.

In contrast to PP2 B, the molecular structure of PP14 B’, showed quite unique
properties as summarized in the following (Fig. 5B): (i) a unit lamellae reveals quatro
chainlength structure consisting of two double-layer leaflets (leaflets I and II); (ii) the
two DCL leaflets are combined end-to-end in the unit lamellae; (iii) the chain axes of
the two leaflets are alternatively inclined against the lamellar interface, as shown in
the (b, c) projection; and (iv) two modes of the methyl end stacking are revealed; deep
zigzag stacking at the interior portion of the quatro-layer, and thinner zigzag stacking
at the outer portion, as shown in dashed lines of (a, ) projection.

Quite a complicated structure of PP14 ', is partly explained by defining two
asymmetric units, (a and b, Fig. 6A), which form a hybrid-type orthorhombic per-
pendicular subcell (Fig. 6B). The two asymmetric units reveal different glycerol
conformations; trans for sn-1(P, palmitic) and sn-2(P) but gauche for sn-3 (M,
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|
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Fig. 6. (A) Two asymmetric units in PP14 ', and (B) three hybrid-type subcells.

myristic) in A, and trans for sn-2(P) and sn-3(M) but gauche for sn-1(P) in B. In
accordance with the presence of the two asymmetric units, the subcell having the
orthorhombic symmetry is not as simple as that shown in Figurel(A). A hybrid-
type subcell with a superimposing periodicity along the a, direction as triple that of
the usual simple orthorhombic perpendicular subcell was formed, named HS3. In
the lipid crystals, hybrid-type subcells have been observed in phospholipid (HS1)
(19,20) and cerebroside (HS2) (21).

Two types of methyl end stacking mode were revealed in PP14 B’,: the outer
interface composed of PPP and the inner interfaces composed of PMM, as shown
in Figure 5. The difference in the two methyl end stacking modes appeared as
inclination angles with respect to the lamella plane defined in Figure 5B: 6, = 9.6°
for the PPP interface and 6, = 38.0° for the PMM interface. The latter value for the
PMM interface is quite anomalous, if one compares it with the values of the other
crystals: 11° in PP2 B ( Fig. 5A) and 12° in tricaproylglycerol B (22,23). It seems
that the instability of the methyl end stacking of the methyl end terrace planes hav-
ing the large © value for the PMM interface may be compensated by arranging
them face-to face at the interior interfaces of the quatro chain-length structure.



8 K. Sato

The molecular structure of PP14 B, shown in Figures 5 and 6 is a good
example to understand the effect of combined interactions of the methyl end stack-
ing, the lateral chain packing, and the glycerol conformation on the structural stabi-
lization of the TAG crystals. For the moment, it is rather difficult to assess how
these interactions cooperate and which interaction plays the dominant role. It has
been widely observed that the B’ form is stabilized when a TAG contains different
kinds of fatty acid moieties which are connected to the glycerol carbons in an
asymmetric manner, like PP14 (9).

In this connection, one may refer to polymorphism of a homologous series of
C,C,..C,, in which n was even-numbered carbon atoms ranging from 10 to 16
(24,25). In these TAG, the most stable form is [, and no B form was observed. The
crystal structure of the B’ form C,C, ,C, may, quite simply and symbolically, be illus-
trated in Figure 7A, in which the TAG molecules are bent with respect to the lamella
plane at the glycerol group (26). In this regard, one may note that vibration spectro-
scopic (FT-IR) analyses of B,” in PP14 indicate the structure of the model Figure 7A
(27). This make a clear contrast to the structure of B,” in PP14 where molecules are
bent at the methyl end packing, as modeled in Figure 7B. The two reports on the B’
forms in C,C,,,C, and PP14 may raise a concept of “diversity in the B’ structures.”
Further research on the TAG exhibiting ’-stabilized polymorphism is definitely
required to enrich the understanding of the B’ structure. This is because many food fats
are functional in this polymorphic form, and new ways to prohibit the transformation
from B’ to p may be born from the structural clarification of the B’ form.

Saturated-Unsaturated Mixed-Acid TAG

The mixed-acid TAG containing saturated fatty acids at the sn-1 and sn-3 glycerol
carbon positions and unsaturated fatty acids at the sn-2 position, namely the St-U-
St TAG, chain-chain interactions among the saturated and unsaturated fatty acid
moieties, or within every saturated or unsaturated moieties, play critical roles in
their complicated polymorphic transformations. Precise observation was recently

WY
5 W s
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TABLE 1
Occurrence and.Subcell Structures of Polymorphic Forms of SOS, SRS, and SLS
o Y p BBy
L. .
TAG? Subcell?
SOs SRS SLS Saturated Unsaturated
o-2 o-2 o-2 H . H
Y3 Y3 Y,-3 /l-type H
B"3 ﬁ’2'3 - OJ. H
B’1'3
B3 — - T Tyor O
B3 T Ty

28: stearoyl, O: oleoyl, R: ricinoleoyl, L: linoleoyl.
bH: hexagonal, O, orthorhombic perpendicular, O', orthorhombic parallel, T, triclinic parallel.

made on the St-U-St TAG having the sn-2 acids of oleic (10,28,29), ricinoleic (21),
and linoleic (31).

Table 1 shows the polymorphic behavior of the three TAG in which the satu-
rated fatty acid at the the sn-1 and sn-2,3 positions is stearic and the sn-2 acid var-
ied from oleic (SOS), ricinoleic (SRS) to linoleic (SLS). As a reference, a typical
feature of polymorphic transformation of SOS from o to B, forms through v, B’ and
B, is illustrated in Table 1 (10). As briefly mentioned in the previous section, one
of the unique polymorphic properties in SOS is that the chainlength structure con-
verted from DCL (o) to TCL (y, §’, B,, and B,), and the subcell structures of stearic
and unsaturated acid leaflets in the TCL polymorphs changed in different manners.
This transformation behavior is caused by the steric hindrance of steric and unsatu-
rated acid chains, as well as by the structural stabilization of the aliphatic chains
and glycerol groups altogether, as briefly summarized in the following.

@ form. This form appears in SOS, SRS, and SLS. The DCL structure assumes
the coexistence of the stearoyl and unsaturated moieties in the same leaflets, where
hexagonal subcell leads to a disordered aliphatic conformation.

y form. This form appears in SOS, SRS, and SLS, and SLS has this form as
the most stable form (31). In the TCL structure, the stearoyl and unsaturated
leaflets are separated through the chain sorting during the o~y transformation. The
stearoyl leaflet assumed a specific parallel packing, and hexagonal subcell still
remained in the unsaturated leaflets. The TAG molecules are arranged normal to
the lamellar interface (10).

B’ form. This form appears in SOS and SRS, and, in the latter, two B’ forms
are most stable and no B form occurs (30). In the TCL structure, the stearoyl leaflet
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assumed the O, subcell and the hexagonal subcell structure still remained in the
unsaturated leaflets.

B form. SOS has two [ forms. The subcell structure of the stearoyl and oleoyl
leaflets was T, in B,, whereas T, or O, may be the subcell structure of the oleoyl
leaflet in {3,.

As to the molecular interactions, it is worth noting that SRS has no [ form but
" is most stable, and neither 8" nor B is present in SLS. Correspondingly, thermal
data of melting of the polymorphic forms of SRS and SLS, shown in Table 2
together with those of tristearoylglycerol (SSS) and SOS, indicate structural stabil-
ity of every polymorphic forms. The structural stability can be evaluated by com-
paring the values of entropy of fusion (DS), which is the difference in entropy
between the crystalline form (ordered, and small S value) and liquid (disordered,
and large S value). Therefore, it follows that the larger the DS values, the more sta-
bilized are the polymorphic structures.

As for the o form, AS is largest in SSS. This means that the DCL structure in
o is most stabilized in this TAG, because of minimized chain-chain steric hin-
drance which is enhanced in the saturated-unsaturated mixed-acid TAG. As for the
¥ form, AS is largest in SLS, although there is no vy in SSS. This property is dis-
cussed at a molecular level below. The AS value of B’ is largest in SRS, as dramati-
cally shown in its values of 575.3 J mol~! K1, which is much larger even than SSS
B (544.3 J mol~! K-1). Finally, AS of B form is larger in SSS than in SOS, indicat-
ing that the presence of a cis-double bond enlarges the entropy value of SOS .

TABLE 2

Enthalpy (AH) and Entropy (AS) of Polymorphic Transformations of SSS, SOS, SRS,
and SLS?

Form Melting point (°C) AH (kj mol™1) AS ( molT1 K1)
a-2 55.0 109.3 333.1
SSS p-2 61.6 142.8 426.5
B-2 73.0 188.4 544.3
o-2 23.5 47.7 160.7
¥-3 35.4 98.5 319.2
SOS B-3 36.5 104.8 338.5
B2-3 41.0 143.0 455.2
[31-3 43.0 151.0 477.6
-2 25.8 58.1 194.4
SRS -3 40.6 119.6 381.3
[32-3 443 171.2 539.3
[3]-3 48.0 184.8 575.3
o-2 20.8 40.9 139.2
SLS v-3 345 137.4 448.7

2See Table 1 for abbreviations.
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The molecular aspect of the structural stabilization of SRS B’ may be dis-
cussed by taking into account the hydrogen bonding in the ricinoleoyl chains.
Figure 8A shows X-ray diffraction (XRD) short spacing and Fourier transform-
infrared (FT-IR) spectra of ., , and two 3" forms of SRS. The long-spacing values
of the four forms are 4.87 nm (a), 7.10 nm (y), 6.97 nm (B’,), and 6.85 nm (B’,).
Hence a is the DCL structure, and the other three forms are of the TCL structure.
The XRD short-spacing spectra are quite equivalent to the corresponding poly-

A B
o
&(CH,)
e
] 0°
1[470 ﬁ ! \
o
Q
c
©
2
o
0.39 2
v <
0.47 Y
146‘{\’\/\"‘
0.42 J
a
a
15 19 23 27 1500 1400
20 (deg.) Wavenumber (cm-!)

Fig. 8. (A) X-ray diffraction spectra (unit, nm) and (B) polarized Fourier transform-
infrared spectra of the four polymorphs in ricinoleic acid (SRS).
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morphs of POP (10). The micro-probe polarized FT-IR spectra of CH, scissoring
mode show that aliphatic chains in o and 7y are in the disordered state, showing a
single absorption spectra (30). However, anisotropic property with respect to the
rotation of the polarizing direction of incident beam against the crystal edge direc-
tion showed that the subcell structure is of the O type for B’, and B’,. Although the
detailed structures of the two B’ forms are still open to question, it was assumed
that the chain packing of the ricinoleoyl chains in SRS ' is so tight that the subcell
structure of O, is stabilized through the glycerol groups, making B’ most stable, as
modeled in Figure 9A .

In SLS, the polymorphic transformation from o to y proceeded quite fast,
because thermal energy easily accelerated the transformation between the two
forms having rather low melting points. Therefore, Synchrotron radiation X-ray
diffraction (SR-XRD) was employed to monitor the transformation process, since

A B
wm

LA

: 12,_)1
H

10 ¥%o 1099 b

R
R
\

w

o o
L

12

O N subcell

o o<

Fig. 9. Molecular models of (A) " of SRS, and (B) o and y forms of linoleic acid (SLS).
See Figure 8 for abbreviation.
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the time resolution for spectral analysis was so short (10 s) in the in situ observa-
tion during rapid cooling and heating processes (31). Figure 10 shows the SR-XRD
spectra of the o-y transformation and the melting of the y form of SLS, during
cooling from 50 to 10°C, isothermal transformation at 10°C and subsequent heat-
ing to 50°C. The XRD short-spacing spectra of the two forms, both are equivalent
to those of SRS shown in Figure 8, converted during the transformation. The melt-
ing of y did not crystallize any more stable forms, such as B and B’ as observed in
POP and SOS (1) and SRS (30).

In SLS, the steric hindrance caused by the interactions among the stearoyl
chains at the sn-1 and sn-3 positions and the linoleoyl chains at the sn-2 position
may lead to more enhanced destabilization of the DCL o form, in comparison to
the same forms of the other TAG. Hence the AS value of SLS o is smallest.
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Fig. 10. In situ Synchrotron radiation X-ray diffraction spectra of a-y transformation
and melting of y of SLS (unit, nm). See Figure 9 for abbreviation.
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However, the situation may be converted in the y-3 form, in which the presence of
two cis-double bonds may stabilize the chain-chain interactions of the linoleic acid
leaflet, prohibiting the transformation into more stable forms of B’ or B as illustrat-
ed in Figure 9B. For this reason, the AS value of y of SLS is much larger than those
of ¥ of SOS and SRS. Furthermore, AS of SLS v is as large as B forms of SOS.
Mechanistically, the transformation from vy to B’ or B is associated with an inclined
chain arrangement with respect to the lamellar interface (10), which might be pro-
hibited by the chain-chain interactions of the linoleoyl leaflets in SLS.

Table 3 shows the TAG involving elaidic acid placed at different glycerol car-
bon positions together with stearic and palmitic acids (11,12). Quite curiously, f’ is
most stable in PEP (1,3-dipalmitoyl, 2-elaidoyl-sn-glycerol), EPP, and PEE,
whereas SES (1,3-distearoyl, 2-elaidoyl-sn-glycerol), ESS, and SEE reveal the
most stable form of B. In the series of St. Oleic. St TAG, the replacement of stearic
acid with palmitic acid did not show any drastic conversion with respect to relative
stabilization of B’ and B (10). For example, the B form is most stable both in SOS
and POP. Therefore, one may assume that the chain end packing mode composed
of the saturated and elaidic acids may be a key factor in controlling the relative
occurrence of the B’ and B forms in the saturated-elaidic mixed-acid TAG exempli-
fied in Table 3. This problem is completely open to question.

A brief review has been made on the molecular aspects of the polymorphic
structures of the TAG containing different fatty acid moieties (mixed-acid TAG).
The clarification of the polymorphic properties of the mixed-acid TAG has high
implication to real fat systems, since many naturally occurring TAG are the mixed-
acid TAG, and the polymorphic stability regarding, in particular, the stabilization
of the B’ form seems to be tightly related to inter- and intra-molecular chain-chain
interactions. Recent work on atomic-level analyses of the crystal structures of the
B’ forms has given quite informative data as discussed in this chapter. Although the
approach so far has been made with experimental techniques (X-ray, FT-IR, etc.),
it is of the highest opportunity and challenge to assess the molecular structures
using computer modeling techniques based on the atomic-level crystal structures of
the model substances.

TABLE 3
Polymorphic Occurrence of Saturated-Elaidic Mixed-Acid Triacylglycerols (TAG)?
TAG Polymorphic forms
PEP o B, B, _
EPP o 8 B, —
PEE o B B, —
SES o B, B, B
ESS o B, B, B
SEE o = — B

@Not detectable. PEP, 3-dipalmitoyl, 2-elaidoyl-sn-glycerol; SES, 1,3-distearoyl,2-elaidoyl-sn-glycerol.
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Chapter 2

Molecular Modeling Applications in Lipid
Crystallization

James Evans, Alfred Y. Lee, and Allan Myerson

Department of Chemical Engineering, Illinois Institute of Technology, 3301 South Dearborn
St., Chicago, IL 60616

Introduction

“Molecular modeling” is a term used to describe a series of techniques that employ
both quantum and molecular mechanics in conjunction with computer simulations
to study the chemical and physical properties of a material (1). This approach
offers a wide range of benefits to industry: shortens product development cycles,
reduces production costs, improves product properties and key solid-state struc-
tures, and properties that cannot be examined by experimental techniques may be
predicted and studied by computer. Following is a brief review of the fundamen-
tals of modeling crystalline systems.

Mechanics

The state of a system may be described by one of two mechanics: quantum or mol-
ecular. (i) In quantum mechanics, a wavefunction (@) is used to describe the state
in which an atom/molecule exists. Using this wavefunction and by solving the
Schrodinger equations, it is possible to describe any atomic/molecular system. So
far, exact solutions have been found for only a few simple systems, e.g., hydrogen,
with approximations for structures as their complexity increases. (ii) The molecu-
lar mechanics approach to predicting the structure and properties of a molecule is
based upon classical laws of physics. Molecular mechanics doesn’t explicitly con-
sider the electrons in a molecular system. Instead, calculations are based upon
interactions among the nuclei. Molecular mechanics assumes that atoms in a mole-
cule have a natural arrangement (bond lengths and angles) and that they adopt this
arrangement relative to each other to produce geometry of minimum energy. There
are two key contributions in terms of energy: intramolecular forces—including
bond stretching, angle bending, and torsional energy terms; intermolecular interac-
tions—including electrostatic forces and van der Waals forces. In molecular
mechanics the electronic effects are implicitly considered via a potential function.

17
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Potential Function

A potential function consists of one or more parameter sets that fit the equation and
atom types to experimental data. Each of these functions usually contains a small
number of .adjustable parameters that can be used to optimize the simulations.
There are five main potential functions: the hard sphere (HS) potential, the soft
sphere (SS) potential, Sutherland (S) potential, the Lennard-Jones potential, and
the Buckingham (B) potential (2). This section provides a brief review of the most
frequently used potential function [Lennard-Jones (LJ) potential] and its applica-
tion for molecular modeling.

The Lennard-Jones (LJ) Potential
The LJ potential is given by (2)

U, (R) =€, Rv! - &, Rv? (1]

Where the first and second terms correspond to the repulsion and attraction,
respectively, to describe repulsion prevailing over attraction at small intermolecu-
lar separations and attraction prevailing over repulsion at large intermolecular sep-
arations the powers (v) in the LJ potential should satisfy v, > v,. As with other
potentials the power v, is usually chosen to be equal to 6, whereas v, is most widely
set to 12.

Therefore the LJ potential is usually given as the form described in Equation 2 (2):

D 12 D 6
ULJ(R) = 4£|:(—EJ - [;]:I [2]

where D designates the intermolecular separation at which the LJ potential changes
sign and parameter € gives the LJ potential minimum value -€, achievable at R =
215D (Fig. 1).

The potential function allows the crystal growth process to be considered at a
molecular level by using the atom-atom approach (3,4), which approximates inter-
molecular bond strength through the summation of its atom-atom interactions (Eq.
3), described variously as the lattice energy (E,,,,), binding or cohesive energy,
within a sphere of sufficient radius (Fig. 2) that an energy plateau has been reached

(5).

n’

N
E,,= 2 2 XV, 3]

k=1 i=1 j=1 ki

where V,, is the interaction between atom i in the central molecule and atom j in
the kth molecule. Each atom-atom interaction consists of a van der Waals interac-
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Fig. 1. The Lennard-Jones Potential (Ref. 2), where D=1 and & = 5.
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Fig. 2. Calculation of intermolecular interactions, using the atom-atom approach. The
slice boundary (dy, ) maybe shifted along the slice normal to obtain the most energeti-
cally stable slice (Ref. 5).
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tion and an electrostatic interaction. The van der Waals interactions can be
described by various potential functions, all of which have the same basic form.
The LJ 612 potential (6) is one of the most common, consisting of an attractive
and a repulsive contribution (Eq. 4). A and B are the atom-atom parameters for
describing a particular interaction

Vow =5 + T2 (4]

Parameters A and B are derived from fitting chosen potential to observed proper-
ties, i.e., crystal structures, heats of sublimation etc. (4). Ab initio quantum chem-
istry calculations on interaction energies can also be used as “experimental” data
on which to fit these parameters.

The electrostatic interaction (Eq. 5) (4) is described by assigning a fractional
charge (g to each atom, the sign determines whether the atom in the molecular
arrangement has an excess or deficiency of electrons compared with the neutral
atom. These charges are usually determined from molecular-orbital calculations
(7), where D is the dielectric constant.

v, =2t [5]

Hydrogen bonding interactions (V,,) are essentially very special van der
Waals interactions and modified LJ potential functions, e.g., Momany et al. (8),
Nemethy et al. (9) PF have been used to describe them (Eq. 6) (4). Hydrogen
potential functions have a 10-12 rather than a 6-12 potential, where the depen-
dence of the attractive part is r!0 rather than 5 which gives rise to a much steeper
potential curve, this helps account for some of the important structural features of
hydrogen bonds.

Vo =0 + 12 f6]

Inspection of the potential functions shown in Equations 4—6 show that both A
and B and the fractional charge for a particular atom pair are constant. The interac-
tion energy is, therefore, dependent upon the separation distance r, while the van
der Waals interactions are short-range interactions as they depend on the inverse
powers of r.

Whereas the electrostatic interactions will act over a long range as they depend
on 1/r, hence there is the need to carry out the calculation with a sufficient radius
to assure that an energy plateau has been reached.

Figure 3 shows an example of calculated lattice energy (oleic acid) (10) and
the contribution of the various intermolecular forces. These values were deter-
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mined using a modified LJ potential function (Drieding If), which incorporates the
electrostatic functionality combined with an angle-dependent potential (11).
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The lattice energy is a crucial parameter to determine as the calculated value
can be compared with the experimental sublimation enthalpy (Eq. 8) (13), as a
check of the description of intermolecular interactions between the molecules by
the defined potential function.

—-A B
Vi=—%+—=+Dy
i T

cos*(8,,) + 3329 gfer; 7]

Vesp = —AHy, —2RT [8]
Where 2RT (R denotes the universal gas constant) represents a correctional
factor for the difference between the gas phase enthalpy and vibrational contribu-

tion to the crystal enthalpy.
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Crystal Shape Calculation

Based on crystal lattice geometry, the first morphological simulations were pro-
posed by Bravais (14), Friedel (15), and Donnay and Harker (16). Their works are
often known as the BFDH law: it assumes that the linear growth rate, R, of a
given crystal face is inversely proportional to the corresponding interplanar dis-
tance, dhk,, after taking into account the extinction conditions of the crystal space
group. In other words, the slowest growing faces, and hence most prominent, are
those in which the interatomic spacing is the greatest. This proposal only makes
use of the framework of the crystal lattice and gives no consideration to the atom
or bond type or partial charge, all of which has an effect on the crystal morpholo-
gy. In crystal systems with no directional bonding types, the BFDH method often
produces a reasonable match with experimental morphologies. However, the pres-
ence of directional properties significantly reduces the accuracy of the predictions
Q.

In 1955, Hartman and Perdok (18) refined the BFDH model by relating the
crystal morphology to its internal structure on an energy basis. They identified that
chains of strong intermolecular bonds known as periodic bond chains (PBC) gov-
ern the crystal morphology. According to the number of PBC inside a slice of
thickness, d,,;, they classified the crystal faces as: (i) F-faces (flat), two or more
PBC, (ii) S-faces (stepped), one PBC, or (iii) K-faces (kinked), zero PBC.

The F-faces have low growth rates due to the existence of a limited number of
kink sites, and they grow by lateral extension of the growth layers. Growth of S-
faces only needs a unidimensional nucleation and is more rapid than that of F-
faces, while, K-faces have an important number of kink sites and consequently
higher growth rates. For this reason, F- faces will appear in the crystal morphology
since they have the largest slice energy (E,) or lowest attachment energy (E,,),
which is the difference between the crystallization energy and the slice energy, of
the three faces. Small attachment energy translates into low growth velocity. The
higher growth rates of S- and K-faces mean they rarely (S) and almost never (K)
develop. Essentially, the morphology of the crystal can be determined from the
slice energy of different F-faces.

Hartman and Bennema (19) found that relative growth rate always increases
with E_,,. At low supersaturation, they were able to show that the growth rate of a
given crystal face, R,,,, is directly proportional to the attachment energy:

att

Ry Evrr

(9]

i att| . . .
Faces with largest ‘Em‘ will be the fastest growing and therefore will be the
least prominent. Since energy is in general a function of interatomic distance, the
attachment energy model is consistent with the BFDH law: faces with small inter-

planar distance have large l EZ_I’:I.
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Fig. 4. A: Unit cell of stearic acid (E form); while, hydrogen atoms; gray, carbon atoms;
and bfack, oxygen atoms. Theoretical habit of stearic acid B: growth form according to
the BFDH law; C: growth form according to the attachment energy model.

Figure 4 shows one polymorph of stearic acid (E form). The molecule crystal-
lizes in the P21/a space group with four molecules in the unit cell dimensions: a =
5.603 A, b=7.360 A, c=50.79 A and B = 119.40°. In addition, the crystal habit of
stearic acid predicted by the attachment energy model and the BFDH are shown. A
slow-growing (001) face dominates both crystals. Table 1 lists the attachment ener-
gies and the interplanar spacing of various low-index faces. Both theoretical habits
were calculated using the program Cerius2 version 4.2 (12).

Surface Studies

In reality, very few systems are 100% pure as both solvents and impurities can
incorporate into the crystal structure. The incorporation of these molecules onto a

TABLE 1
BFDH and Attachment Energy results for Stearic Acid (E form)
dyy Attachment energy

Face (hkl) (A) (kmol/mol)
001 44.09 _7.34
011 717 -74.18
111 4.21 -99.33
11-4 4.46 -117.77

11-5 4.46 -118.32
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crystal surface can significantly affect both the growth rate and the morphology of
a crystal (20). Two types of molecules that can incorporate into a crystalline sys-
tem have been identified (see Fig. 5) (21): (i) Disrupter molecules tend to be small-
er than the host molecule, and they act by incorporating themselves into the crystal
and disrupting the intermolecular bonding network. (ii) Blocker molecules tend to
be larger than the host; they commonly have the same basic structure with an addi-
tional group attached. Once the blocking molecules are incorporated into a system,
they simply prevent further host molecules from assuming their correct positions.
This can cause vacancies within the system, which in turn can alter the rate of
growth that will change the crystal morphology.

The incorporation of either type of molecule onto a crystallographic surface
not only alters the growth rate, it also violates the local symmetry of a surface. For

A B

D Molecules in liquid phase ‘_\:l Q
= AN N =

.

t E(m' l
‘ Growth slice adsorption '
e oo
ST NN NN
\ \ \ \ \ \\ Ea.‘-‘" '\_\ \ \ \ \
W de S SR R
\\\\\\\\ﬂ NSO\
T Y PV L O,

Growth disruption Gromt blocking

Fig. 5. Schematic illustrating the growth of the growth of the crystal interface in a system
with the present of (A) disrupter and (B) blocker (Ref. 24).
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example in a pure system, Equation 10 (21) is seen to be valid, whereas when
impurities of any description are incorporated into a system, the E ., and E
must be considered separately since preferential adsorption could occur at either
one.

Where

E_=E

att att(+)

+E 0 [10]

Eatt(+) = Eatt(—) [11]
To quantify the change in growth rate with the presence of these impurities,

several new terms were introduced to the Hartman-Perdok model (see Fig. 5)

(22,23), which gave rise to the concept of binding energy or incorporation energy:

Ab=E, -E,
=(Egp + Eyyy + Equy) = Eg + By + Eny) [12]

= (Esl’ + Eatt’) - (Esl + Eatt)

Small Ab values imply a greater likelihood of incorporation of the impurity on a
particular face. In certain cases, Ab can be negative, which implies that impurity bind-
ing is more favorable than host incorporation. If Ab is very large, then it is unlikely
that the impurity will be incorporated. The Ab values are system-specific, and so it is
not always entirely clear as to what constitutes a large or a small value.

Therefore, it is often necessary to create a series of models with varying defini-
tions for the Ab values. When considering blocker additives, it is necessary to further
modify this approach, as this technique would result in large repulsive interactions
when the additive encroaches on a host site. The calculation of E, ,, is therefore altered
to include vacancies, which are calculated by determining the intermolecular interac-
tions and omitting the vacancies contribution to the energy term if the vacancy contri-
bution arises from the blocking nature of an additive.

The binding energy idea was further developed (24) to enable modified attach-
ment energies to be calculated by comparing the binding energies of the host and
the sorbate, which gives rise to the differential interaction energy (E):

E;= Eb(sorbate) - Eb(host) [13]

If E, is negative, then the attachment energy values are modified according to
Equation 14, which incorporates proportionality constant.

-E E
Ey= 4 I:Eatt —&jl [14]
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The ability to model the impact of impurities on the structure of a crystalline sys-
tem is crucial: it enables the impact of both solvents and impurities quantified.
Both in terms of the overall morphology and where the interactions are likely to
occur, thus providing a better understanding of the process chemistry of a system.
Two principal techniques exist for simulating the effect of solvents/sorbates on the
surface of a crystal: Monte Carlo and Molecular Dynamics and Minimization.

Monte Carlo Simulations

Monte Carlo simulations use multiple dimensional integrals of statistical mechan-
ics to investigate: in this instance, the potential energy of sorbate molecules in the
presence of a molecular surface (25,26).

The Monte Carlo technique can easily be visualized if the particles are
assumed to be in a box (Fig. 6). The particles are displaced by a random amount,
and the potential energy is calculated using a specified intermolecular potential,
and the new configuration is either accepted or rejected, according to the following
five-step criteria (24):

I. Creation—A sorbate molecule was selected and was placed at a random posi-
tion and orientation within the framework/box. A new configuration is gener-
ated based upon the probability.

. AU (N; + DkT
P = min| l;exp| —— - In———— [15]
kT v
\\" : \\/‘ k
. [ .
- ._.q’.f‘_‘, -
ke RE

Monte Carlo simulation; peri-
odic boundary conditions are

N Pt o Fig. 6. Visulization of the

=" ey A R used where the mirror image
P . = of a particle enters through the
i ; opposite face when a particle
' ' [eaves (Ref. 24).
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II. Destruction—A molecule is removed from the framework, and the new con-
figuration is accepted based upon the probability shown by:

) AU NkT
P = min| l;exp| ———+1n
kT fiv

(16]

III. Translation—A molecule is chosen and translated by a random amount within
a cube of size 28; this configuration is accepted dependent on the probability:

P= minlil-ex (— -A-Eﬂ 17
i) p kT

IV. Rotation—A random sorbate molecule is chosen from the framework, along with
a random axis. The molecule is then rotated randomly within the range +8. The
new configuration is accepted based on the probability of Equation 17.

V. Monte Carlo simulation repeated until the system energy converges; it then
continues for a significant number of configurations to ensure that the global
minimum is achieved.

Molecular Dynamics

Molecular dynamics simulation determines the dynamics of the interactions
between a host crystal surface and a sorbate. The simulation occurs in two stages:
(i) The forces are computed and the atoms are moved in response to the forces with
a specified potential set used to calculate the atomic motions. This type of simula-
tion is an iterative process that allows the calculation of forces on each atom. (ii)
At a time (AT), the current position, velocities, and forces were used to calculate
new coordinates. This process was repeated for a specified number of iterations.

There are various techniques available for molecular dynamics simulation, i.e.,
adiabatic, isothermal. The constant volume, temperature (isothermal NVT) method
(constant number of atoms, volume, and temperature) is most commonly used. The
simulated results obtained from the molecular dynamics studies are then coordinate
minimized to ensure that the global minimum has been achieved.

Minimization
Molecular minimization is applied to a configuration at the end of any simulation,
to ensure that the global minimum has been reached.

There are two basic minimization techniques: firstly, coordinate minimization
which relies on the calculation of the derivative of the potential energy, with

respect to structural parameters, and accordingly, they adjust the atomic/molecular
coordinates toward a structure with lower energy (nonperiodic and periodic struc-
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tures); secondly, lattice minimization which alters the unit cell parameters to mini-
mize force-field energy (periodic structures only). There are three main algorithms
that can be applied during the minimization of a structure. (i)The conjugate gradi-
ent algorithm (27) utilizes previous minimization steps along with the present gra-
dient to determine the next step, thus producing rapid convergence. In fact mini-
mum energy converges in the order of N steps, where N is the number of degrees
of freedom. (ii) The steepest descent algorithm (28) displaces coordinates in a
direction opposite to the gradient of the potential energy at each step; the step size
is increased if a lower energy is achieved and decreased if a higher energy is
obtained. (iii) The Fletcher-Powell algorithm (29) is a pseudo second-order method
that generates a second-order derivative matrix by finite differences (coordinate
minimization only).There are three main differences between the Monte Carlo and
Molecular Dynamics simulations. Firstly the Monte Carlo approach treats the
structure as a periodic system i.e. with defined boundaries in the form of a unit
cell, whereas Molecular Dynamic approach treats a system as non periodic so there
is no boundary effect. Secondly whilst the random nature of the Monte Carlo simu-
lation ensures that the global minimum is achieved, the molecular dynamics
approach has the potential for finding a local minimum energy weil and not the
global energy minimum as the user selects the initial position of the non-host mol-
ecule, hence the need to repeat the molecular dynamics simulation to ensure that a
global minimum has been achieved. Thirdly in terms of computational cost the
Monte Carlo approach is significantly more expensive than the molecular dynam-
ics approach.

However if the simulation is properly parameterized, then either technique is
valid, and both systems will produce accurate simulations of the impact of sol-
vents/sorbates on the growth rate and morphology of a crystalline system.

Structure Solution from Powder

Powder diffraction techniques have become increasingly useful as tools for crystal
structure determination especially in cases where it is sometimes difficult to get a
single crystal of sufficient size and quality for traditional single-crystal studies.
The solution of a structure can be considered as a three-step process: (i) data col-
lection and indexing, (ii) data preparation and Pawley refinement, and (iii) Monte
Carlo simulated annealing and rigid-body Rietveld refinement.

In the first step, unit cell parameters are determined by indexing the collected
powder pattern with programs such as ITO (30), TREOR90 (31), or DICVOL91
(32). The second step involves further refinement of the lattice parameters, and this
can be performed without any knowledge of the atomic positions (33). In addition
to lattice parameters, the background coefficients, zero-point shift parameters, and
peak width and mixing parameters must be refined to accurately reflect the experi-
mental data. The third step involves a combination of Monte Carlo simulated
annealing (34) and rigid-body Rietveld (35) refinement techniques that maximize
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the agreement between the calculated and experimental powder patterns.
Furthermore, the positions, orientations and intramolecular torsions of the molecu-
lar fragments in the asymmetric unit are deduced, and slight changes to the packing
arrangement (molecular structure) are carried out, so that the simulated pattern
from the proposed structure gets closer to the experimental pattern.

This method has been validated and tested for numerous molecular crystal
structures (36). Among the molecules studied was formylurea. Figure 7 shows the
simulated formylurea unit cell structure solved by powder diffraction data. This
was accomplished using the PowderSolve (36) module in the Cerius2 modeling
program (12).

Polymorphism

A polymorph is defined as a substance that can crystallize out as various different
forms that are chemically identical, e.g., carbon graphite and diamond. (It is impor-
tant to note that we are not talking about hydrate and anhydrate forms of a com-
pound.)

Polymorphism is important as different polymorphic forms of the same com-
pound may have significantly different chemical/physical properties. In terms of
polymorphism, computer simulations may be used to either predict the structure of
an unknown polymorph or to simulate the potential of a system to exist in other
polymorphic forms. In either case the polymorphic simulation is a three-step
process.

Monte Carlo Simulation

The first step of a polymorphic prediction sequence is a systematic simulated
annealing search through all of the defined space groups for potential structures.
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Fig. 7. Simulated packing arrangement of formylurea; white, hydrogen atoms; light
gray, carbon atoms; dark gray, nitrogen atoms; and black, oxygen atoms.
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Potential structures are accepted or rejected according to the Metropolis algorithm

25):
P= min[l;exp(— E):l [18]
kT

Simulated annealing search works by treating the search for the global mini-
mum of E as a thermodynamic problem. At some nonzero temperature, the crystal
changes its structure randomly, and its energy fluctuates accordingly. To prevent
the simulation from becoming trapped in a local minimum, cooling begins at a rel-
atively high temperature. Therefore every crystal structure (within the constraints
of the space group and asymmetric unit contents) can theoretically be reached, and
ergodicity ensured. As the temperature is lowered, the algorithm explores the
potential energy hypersurface of the crystal with greater precision. At these lower
temperatures, movement is restricted to regions where the value of E is relatively
low. The simulation ends when T is so low that the crystal is frozen and the global
minimum of E has hopefully been found.

Cluster Analysis and Minimization

The Monte Carlo simulation outputs a large number of unoptimized structures for each
space group investigated, which will include low-energy structures and clusters of
many similar structures that are obtained at the local minimum of the energy surface of
the crystal. Of the various predicted structures, only those with the lowest energy are
likely to occur experimentally. To remove the experimentally unlikely structures, clus-
ter analysis is carried out. Cluster analysis identifies all the lowest energy unclustered
structures; all other unclustered structures are compared with this via a clustering algo-
rithm which makes its comparison from the partial radial distribution functions
between pairs of force-field atom types of the two structures. Structures that are
deemed similar are clustered together; this is repeated until all of the unclustered struc-
tures have been assigned to a cluster. The structures that are accepted from the cluster
analysis are still energetically unrefined and require optimization with respect to all
degrees of freedom, and thus undergo both coordinate and lattice minimization. A sec-
ond clustering step after the minimization removes any duplicate structures,

Confirmation

The final stage in any polymorphic simulation is to check the reliability of the sim-
ulated data. This can be achieved by comparing a variety of data, e.g., density, lat-
tice energies, etc. With the advent of reliable software, a simulated diffraction pat-
tern is now used as the primary comparison with the experimental data. Prior
research has shown that computer simulations can successfully predict the struc-
ture of an unknown polymorph or determine the potential for polymorphisim (37).
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Summary

Molecular modeling is playing an increasingly important role in the study of molecular
materials. Molecular modeling has a variety of applications for a crystalline system,
and a number of important properties can be simulated or determined from experimen-
tal data via computer simulations, thus saving experimental time and money.

Ultimately the aim of molecular modeling is the design (before synthesis) of
novel materials. In molecular crystal chemistry, this requires the ab initio predic-
tion of solid-state structures. Although much progress has been made and the
potential of such an ability is enormous, progress in this field has been hindered by
problems with global minimization and force-field accuracy.
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Chapter 3

Simultaneous Examination of Structural and Thermal
Behaviors of Fats by Coupled X-ray Diffraction and
Differential Scanning Calorimetry Techniques:
Application to Cocoa Butter Polymorphism

Michel Ollivon?, Christophe Loisel?, Christelle Lopez*? Pierre Lesieur<, Franck
Artzner3, and Gérard Keller?

3gquipe Physico-Chimie des Systémes Polyphasés, 92296 Chatenay-Malabry, France; PArilait
Recherches, 75382 Paris, France; and “Laboratoire pour I’Utilisation du Rayonnement
Electromagnétique, 91898 Orsay, France

Introduction

The monotropic character of triacylglycerols (TAG) polymorphism renders the
study of thermal and structural properties of fats very complex. Both types of
properties, largely depending on sample history, are generally determined from
differential scanning calorimetry (DSC) and X-ray diffraction examinations,
respectively. However, even using the combination of these two techniques, phase
and polymorph identifications are still difficult by the closeness of transition tem-
peratures. In this respect, monounsaturated TAG, because of their capability to
form both mixed and separate packing of saturated and unsaturated chains (1), dis-
play many crystalline varieties in a narrow temperature domain, e.g., 1,3-dipalmi-
toyl 2-oleylglycerol shows melting and/or transition of at least five crystalline
forms within a range of about 20°C (2).

A new instrument allowing simultaneous time-resolved synchrotron X-ray
Diffraction at both wide and small angles as a function of temperature (XRDT) and
high-sensitivity DSC to be carried out in the same apparatus at rates between 0.01 and
10°C/min from the same sample (typ. 20 mg) in the —30 +150°C range was developed
using a single computer for data collection (3). This instrument is used on the D22
and D24 lines of DCI synchrotron of LURE to examine the questioned polymorphism
of cocoa butter (CB) (4). The coexistence of three different phases, two solids and one
liquid, is established for CB at room temperature. Both solid phases show their own
independent polymorphism which only depends on the fat history. Both phases are
characterized by XRDT, DSC, and rheological measurements (5). The main solid
phase, mainly composed of the three major monounsaturated TAG, displays six dif-
ferent crystalline arrangements while only two have been observed for the minor
trisaturated phase. The solubilization of the latter into the liquid issued from the
fusion of the former only occurs at about 39°C. The partition of the trisaturated

34
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TAG between the different phases is also addressed. The less stable phase formed
by rapid quenching of CB is revealed to be a new liquid crystalline phase. Such a
liquid crystalline phase is also observed in palm oil.

Materials and Methods

The CB used was a standard factory product originating from the Ivory Coast. Its
composition, determined by gas chromatography and HPLC for TAG analysis and
by atomic absorption for phospholipid content, was as follows: TAG 97%; diacyl-
glycerols 1.1%; monoacylglycerols 0.2%; free fatty acids 1.3%; phosphatides 0.15%;
and others 0.25% (4). The TAG composition which is given in detail elsewhere (4) is
for main TAG, POP 17.3%, POS 37.3%, and SOS 27.3%; saturated TAG represented
2.3%.

X-ray diffraction was performed using the high-energy of synchrotron beam at
L.U.R.E. (Laboratoire pour 1’Utilisation du Rayonnement Electromagnétique)
using alternately D22 or D24 station operated at A = 1.488 A (about 10° to 100
photons/s/mmz). Gas-filled linear detectors (1024 channels, either filled with Ar or
a Xe-CO, mixture) were used for data collection using sample-to-detector dis-
tances of 290 and 1450 mm. Standardization was carried out using the form p of
pure tristearin (StStSt) characterized by a long spacing of 44.98 A at room temper-
ature. All X-ray diffraction patterns were recorded by transmission using glass cap-
illaries (GLAS, Berlin, Germany). Samples were prepared by filling these glass
capillaries with about 20-30 pL of melted fats, at temperatures about 20°C above
their final melting points and centrifuging them immediately, before fat solidifica-
tion could take place. Quenching of these capillaries containing melted samples
was first done either by placing them rapidly in contact with a metal block cooled
to —30°C and then transferring them to the precooled sample holder (~10°C) or by
direct introduction in the latter. More detailed procedures are given in Reference 4.

The setup of the instrument that allows both small- and wide-angle X-ray dif-
fraction recording as well as DSC is shown below (Fig. 1).

Results and Discussion

The results and discussion presented here focus on two major points which are: (i)
the number of phases coexisting in the CB such as it is found in tempered choco-
late and (ii) the liquid crystalline nature of the variety obtained from rapid quench-
ing of CB. A more detailed reexamination of CB polymorphism is given in
Reference 4.

How many phases coexist in the CB of a tempered chocolate at room
temperature?

The long and short spacings (LS = 66 and 33 A; SS = 4.58, 3.98, 3.89, 3.77, and
3.67 A) observed at 25°C with a short sample-detector distance confirmed, as
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Fig. 1. Simultaneous DSC/WAXS/SAXS design. Experimental setup of the micro-
calorimeter cell in the time-resolved synchrotron X-ray diffraction environment: The
cell is positioned with sample-containing capillary perpendicular to the beam in such
a way that the diffraction patterns are recorded in the vertical plane including the
beam by one or two one-dimensional proportional detectors (Position Sensitive Linear
Detector 1 and LD2). Counting Electronic (Counting Elect.), Nanovoltmeter (mVter),
and Temperature Controller (T Ctrl) are all monitored by the same PC Computer (PC
Comp.). Temperature-Controlled Bath (TCB) is kept at constant temperature (e.g.,
20°C). Figure is adapted from Reference 3.

expected, the crystallization of CB into a A-3L structure corresponding to form V
according to Wille and Lutton (6). A weak line at about g = 0.14A-!, correspond-
ing to a long spacing of 44.4 A, is also observed at 25°C. The presence of this line
is confirmed on recordings obtained at a longer sample-detector distance (Fig. 2).
The monitoring at small angles by X-ray diffraction of the melting of this CB
sample (form V) was obtained by taking patterns every minute during heating at
1°C/min from 25 to 34°C and at 0.3°C/min from 34 to 41°C. The evolution as a
function of temperature (between 25 and 41°C) of the intensity of the line at 44.4
A was compared to that of the B-3L (V) structure using data recorded with the
short sample-detector distance. It was observed that, above 34.5°C, all the lines
(LS and SS) characterizing form V disappeared (they were progressively replaced
by the bumps corresponding to the scattering from the liquid organization), except
that at 44.4 A, which finally vanished at 37.5°C (4). Then, the observation at 25°C
of a line at 44.4 A is interpreted as the coexistence of trace amount of B-2L form
next to the major form B-3L (form V) made by monounsaturated TAG. Thus, a
lipid segregation occurs in CB on cooling and/or during storage. The fraction
which crystallizes in addition to the usual B-3L form (V) exhibits a higher melting
point than the form V and an LS (44.4 A) corresponding to a 2L packing very
close to that of the B form of tristearin (about 45 A, see above). Taking into
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Fig. 2. Small-angle X-ray diffraction recordings of form V of cocoa butter (solid line} and
of its high-melting fraction (HMF) (dashed line); insert shows form V of cocoa butter on
an enlarged y scale and its low-melting fraction (LMF) which do not display the line at
44.4A. Both HMF and LMEF fractions are obtained by dry fractionation of BC (4).

account the previous observation of a liquid phase in CB, the amount and the com-
position of which depend on temperature, this demonstrates that at room tempera-
ture three phases coexist in CB. Independent studies of chocolate crystallization in
a scraped surface heat exchanger have shown that the crystallization of the minor
phase is related to the presence of saturated TAG and is independent of and does
not trigger the crystallization of the main solid phase (5). Moreover, it has been
found that trisaturated TAG partition between the different phases; trisaturated
TAG are likely solubilized in part into the monounsaturated main solid phase. It
has been shown previously that the variation of the solubility of the latter as a
function of temperature is likely responsible for chocolate bloom (7).

A slow heating scan at 0.1°C/min from —10 to 40°C using coupled DSC and
XRDT confirmed the existence of five of the six forms already observed (4). It was
also shown that the second solid phase displays at least two polymorphic varieties,
the LS and SS of which correspond more or less to the o and B forms of tristearin
4.8) .

Liquid Crystalline Structures of CB

The introduction of a capillary-contained sample of CB melted at 80°C into the
microcalorimeter cell precooled at —10°C resulted in its rapid quenching at a rate in
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the order of magnitude of about 1000°C/min. The small-angle X-ray diffraction
pattern, recorded immediately after this quenching at —10°C shows that the LS of
CB decompose into two sharp lines corresponding to spacings at about 52.6 A (g =
0.12 A-') and 26.3 A (g = 0.24 A-') and two broad scattering peaks centered,
respectively, at about g = 0.17 A~! (intense, 36.4 A) and ¢ = 0.06 A~! (weak, 112
A) (Fig. 3A). SS observed together with LS during a second experiment, per-
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Fig. 3. Evolution of the long (A) and short (B) spacings of cocoa butter during heating
of a sample obtained by liquid quenching at 100°C/s from ~10 to 40°C at 1°C/min.
Transition from liquid crystalline sample to o form is observed as determined by
small- and wide-angle X-ray diffraction. (A) shows the long spacings observed at
-10°C, before, and at 20°C, after the transition to o form; (B) corresponding short
spacings. Figure is adapted from Reference 4.
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formed at a shorter sample-detector distance but under the same conditions, are
given in Figure 3B. It shows the existence of two interchain spacings at 4.19 and
3.77 A above a broad scattering peak at about g = 1.4-1.5 A-1, Figure 3 also shows
the evolution of both LS and SS recorded at 20°C/min after heating from -10 to
40°C at 1°C/min. At 20°C, the progressive merging into a single broad peak at
48.5 A (the third order of which was also observed at 16.1 A during the second
experiment) of all initial sharp diffraction peak and broad-scattering bumps, the
initial repeat distances of which were 52.6 and 236.4 A, and the evolution of the
SS at 4.19 and 3.77 A toward a single line at 4.22 A were interpreted as resulting
from a metastable to a less unstable form transition. A liquid crystalline variety, a
possible structure of which is shown Figure 4, self-transforms into an o form. The
structure of the melted TAG is still discussed (9,10) since Larsson proposed a lig-
uid crystal model (1). Both the X-ray pattern observed after CB quenching and its
evolution toward an unstable o form suggest that the liquid crystalline variety is an
intermediate form of organization between the liquid crystal corresponding to melt
and o form.

This liquid crystalline structure has also been observed in the CB fractions
characterized above as well as in palm and palm fractions. All these fats are
monounsaturated TAG rich. Then taking into account the relative scattering and
diffraction intensity variations between the different fractions, it is proposed that
the sharp lines originate from a B’ organization of the saturated chains while the
unsaturated ones are left outside of the structure giving a scattering pattern more
intense but comparable to that of the liquid TAG (1).

Conclusion

The presence of one or several long chains, the different packings of which lead to
a variety of polymorphic forms, renders the thermal and structural behaviors of
lipids rather complex to study. Both types of properties are currently measured by
X-ray diffraction and DSC. The use of a new instrument allowing simultaneously
time-resolved synchrotron X-ray diffraction at both wide and small angles as a
function of temperature (XRDT) and high-sensitivity DSC has been described. The
advantages of collecting information from the same sample and from the same
acquisition unit were also discussed. The thermal and structural properties of CB
are investigated to illustrate the capabilities of the instrument (4). It is shown that
in CB at room temperature, and this applies also to tempered chocolate, at least
two solid phases corresponding to different TAG compositions coexist beside the
liquid fatty phase. The polymorphism of both solid species is also studied. A slow
heating scan at 0.1°C/min from —10 to 40°C confirmed the existence of five of the
six forms already observed. It is shown from the small-angle X-ray scattering pat-
tern of the first phase that the least stable one, showing the coexistence of sharp
lines with broad-scattering bumps, corresponds to a liquid crystalline phase in
‘which likely the saturated chains, perfectly organized in B’ form (orthorhombic
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Fig. 4. Scheme of a possible arrangement of the triacylglycerol molecules in the liquid
crystalline form. A crystalline moiety with a planar organization involves the glycerol
backbone and saturated (S) fatty acid chains, while the remaining acyl groups (mono and
polyunsaturated, U) adopt a liquid-like structure.

packing), crystallize nearby the melted-like unorganized unsaturated chains. This
liquid crystalline phase, which is also observed in palm oil submitted to the same
quenching, is also found in the fractions of both fats.

Concerning the second and minor phase of CB, it has been shown that it corre-
sponds to a saturated TAG phase for which two different forms, o and [, are evi-
denced. Taking into account that CB is probably one of the fats showing the simplest
TAG composition, it is suggested that most of the fats do not crystallize as a single
form, as generally considered, but rather as a mixture of different crystals belonging to
different phases. This study demonstrates that high resolution obtained at small angles
using synchrotron radiation is an absolute requirement for fat polymorphism charac-
terization. The coupling of the three techniques above might be helpful in this respect.
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Chapter 4

Effects of Tempering on Physical Properties of
Shortenings Based on Binary Blends of Palm Oil and
Anhydrous Milk Fat During Storage

Nor Aini L
Malaysian Palm Oil Board, P.O. Box 10620, 50720 Kuala Lumpur, Malaysia

Introduction

Physical properties of a shortening include appearance, consistency, solid fat con-
tent, crystal form and size, melting point, and melting behavior. These properties
are influenced by the chemical composition which in turn relates to the nature of
the fatty acids present and their distribution on the glycerol molecule.

From the palm fruit, two types of oils are obtained, namely palm oil (PO) and
palm kernel oil (PKO). PO is obtained from the mesocarp while PKO is derived
from the flesh of the kernel. Although they come from the same fruit, they differ in
their chemical and physical characteristics. PO and PKO are widely used in vari-
ous food applications including shortenings (1).

Shortening is a 100% fat product formulated with animal and/or vegetable oil
that has been processed for functionality. It is used as an ingredient in bakery prod-
ucts such as bread, cakes, cookies, short pastries, fillings, and icing. It is also used
in frying. Anhydrous milk fat (AMF) is made from either butter or directly from
milk cream or fresh cream. Traditionally, butter and lard have been the fats used in
bakery products. Consumption patterns have shifted away from traditional animal-
based fats to vegetable oils and fats due to economics and nutritional considera-
tions. However, the buttery flavor of milk fat is still desirable.

In this study, shortenings based on blends of PO and milk fat were produced
to take advantage of the versatility and functionality of PO and the desirable but-
tery flavor of milk fat. The effects of tempering on the physical properties of these
shortenings during storage were investigated.

Materials and Methods

Refined, bleached, and deodorized PO was obtained from a local refinery, and
AMF was obtained from New Zealand Dairy Board, Wellington.

Shortening Production

PO was blended with AMF at the following proportions: 80:20, 60:40, and 40:60. A
100% PO was included as comparison. Final weight of each blend was 30 kg. The
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feedstock was melted to a temperature of 57°C and processed on a pilot scale on the
Schroeder Kombinator type VUK B 02/60-400 (Lubeck, Germany). The products
were run at a pump speed of 300 rpm. The speed of cooler I, cooler II, and working
units was 400 rpm, respectively. Back pressure of the pump was 2 kg/cm?, Refrigerant
temperature was —18°C. The shortenings were filled into cans (filling temperature
16°C). After production, the shortenings were divided into three sets: set A was tem-
pered at 10°C, set B at 23°C, while set C was tempered at 30°C . After 2 days (d),
samples in sets A and C were transferred to room temperature (23°C) for further stor-
age and evaluation. Samples in set B remained at 23°C throughout the storage period.

Analysis and Evaluation

Consistency Measurement. The instrument used was Seta Penetrometer-
Universal Model 1700 (Stanhope Seta Ltd., Surrey, England). The cone angle used
was 40°C, and the penetration time was 5 s. Measurements were taken at ambient
temperature (23°C) at intervals of 4 wk. Five penetration readings were taken, and
the results were averaged and then converted into yield values using a formula
given by Haighton (2).

Solid Fat Content. Similar method as described previously (3) was used. In this
method, the samples were melted in nuclear magnetic resonance (NMR) tubes;
therefore it was essentially the JIUPAC method 11.B.6 (4). To measure changes in
solid fat content during storage, samples were not melted but instead, they were
transferred to the NMR tubes using a rod and a piston. Measurements were taken
directly at ambient temperature (23°C) at weeks 4, 8, and 12 of storage.

Microscopy. A polarized light microscope (Olympus BH-2) (Olympus, Japan)
was used to observe crystal structure and to provide some indication of the relative
crystal size of the shortenings. Observations were made at regular intervals.
Photomicrographs were taken at 200 magnification.

X-Ray Diffraction Analyses. The polymorphic forms of the shortenings were
established by x-ray diffraction using procedures as reported previously (5).

Results and Discussion

Table 1 shows effect of the tempering on yield values of PO shortenings during
storage. Samples tempered at 10°C for 2 d (set A) were the softest, followed by
samples stored at 23°C throughout the study (set B). Samples tempered at 30°C for
2 d (set C) were generally softer than set A samples. On the other hand, shortening
based on PO/AMF 80:20 tempered at 10°C for 2 d (set A) were the hardest
throughout the entire period with yield values higher than samples in set B or C.
Yield values of samples in sets B and C were significantly lower during the first 8
wk of storage than thereafter. In an earlier study, a similar trend in palm stearin-
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TABLE 1
Effect of Tempering on Yield Values (g/cm?) of Palm Oil Shortening During Storage
Tempering?

Week Set A Set B Set C

4 173 271 264

8 216 287 352

12 244 374 332

16 244 392 307

20 285 437 392

24 285 480 346

2Set A: 2 d at 10°C, then transferred to 23°C; Set B: 23°C throughout; Set C: 2 d at 30°C then transferred to 23°C.

soft milk-fat shortenings was reported (6). Until week 12, Set B samples were soft-
er with lower yield values than set C samples which were tempered at 30°C for 2 d
(Table 2). Compared to the other shortening formulation, PO/AMF 80:20 in set A
recorded the highest yield values throughout the entire period of the study.

For PO/AMF 60:40 shortening, a trend similar to PO/AMF 80:20 shortening
was observed in that set A samples were the hardest throughout the study than
those of set B or C samples (Table 3). There was not much difference in yield
value between samples in sets B and C. Shortening PO/AMF 40:60 was found to
be much softer than the rest of the samples (Table 4). It was noted that the shorten-
ings become softer with a higher amount of AMF in the formulation. Set C sam-
ples were slightly softer than set B.

Figure 1 shows solid fat content profiles of the shortenings. PO shortening had
the least amount of solid at temperatures below 15°C. Between 15 to 25°C, the
solids contents were similar to that of PO/AMF 80:20 shortening. It was noted that
with a higher amount (40%) of AMF in the formulation, the solid content increased
significantly at lower temperatures. Solid fat content curves of PO and PO/AMF
80:20 shortenings were flatter than those of PO/AMF 60:40 and 40:60.

TABLE 2
Effect of Tempering on Yield Values (g/cm?} of Palm Oil:Anhydrous Milk-Fat
Shortening 80:20 During Storage

Tempering?
Week Set A Set B Set C
4 376 57 86
8 478 57 160
12 488 115 240
16 454 260 251
20 474 276 270
24 476 246 277

aTempering conditions as stated in Table 1.
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TABLE 3
Effect of Tempering on Yield Values (g/cm?) of Palm Oil:Anhydrous Milk-Fat 60:40
Shortening During Storage

Tempering?
Week Set A Set B Set C
4 205 42 41
8 260 39 40
12 265 47 61
16 333 69 139
20 463 126 234
24 448 187 340

4Tempering conditions as stated in Table 1.

Tempering at 10°C for 2 d (set A) produced shortenings with higher solid con-
tents than tempering at 23°C (set B). On the other hand, tempering the sample at
30°C for 2 d (set C) produced shortenings with less solid contents than those tem-
pered at 23°C for the entire period. For PO shortening (Fig. 2), the changes in solid
fat content in the three sets of samples during storage were not significant. The
solid fat content ranged between 19.3 to 19.6% (set A), 17.9 to 19.4% (set B), and
14.5 to 15.9% (set C). It was observed that the other shortenings contained less
solids than PO at weeks 1 and 4 of storage. There were no significant changes in
solid contents of PO/AMF shortenings during the first month (Figs. 3-5).
However, at week 8 of storage, there were significant increases in solid contents of
the PO/AMF shortenings. For PO/AMF 80:20 shortening, the amount of solids at
week 8 in sample sets A, B, and C were less than double the amount at week 4.
Larger increases were observed in PO/AMF 60:40 and 40:60 shortenings where
the solids contents at week 8 in all three sets of samples were more than double
those measured at week 4 of storage. The more the amount of AMF in the formula-
tion, the higher was the amount of solids present at week 8. It should be pointed

TABLE 4
Effect of Tempering on Yield Values (g/cm?) of Palm Oil:Anhydrous Milk-Fat 40:60
Shortening During Storage

Tempering?
Week Set A Set B Set C
4 71 56 45
8 87 46 39
12 92 57 53
16 103 53 47
20 155 51 43
24 202 48 64

#Tempering conditions as stated in Table 1.
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Fig. 1. Solid fat content profiles of palm oil (PO)-anhydrous milk-fat (AMF) shortenings.

out again that in all shortenings, set C samples contained the least amount of
solids.

Microscopic observation revealed that PO shortening consisted of small crys-
tals. Crystal size of sample in set C was smaller than in set A or set B (Fig. 6).
Upon storage, the crystal grew larger in size. Shortenings made of PO/AMF had

B B Week 1
|l Week 4
L1 ' Week 8

Solid Fat Content (%)
veowZREEEE
AY

4
0 Set A Set B Set C
Fig. 2. Changes in solid fat content of palm oil shortenings during storage.
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Fig. 3. Changes in solid fat content of palm oil-anhydrous milk-fat 80:20 shortening
during storage.

very tiny crystals. The higher the amount of AMF in the formulation, the tinier
were the crystals. The crystals in PO/AMF shortening also increased in size upon
storage. Figure 7 shows crystals of PO/AMF 60:40 shortenings at 12 wk. Crystals
in set A were evenly distributed. Individual crystals formed some clusters in set B.
In set C, the crystals seemed to agglomerate into larger clusters. The trend
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i
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Fig. 4. Changes in solid fat content of palm oil-anhydrous milk-fat 60:40 shortenings
during storage.
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Fig. 5. Changes in solid fat content of palm oil-anhydrous milk-fat 40:60 shortenings
during storage.

observed was a reverse of the three sets of PO shortening observed at the first
week.

Tempering did not affect the initial polymorphic form of 100% PO shortening.
Samples tempered at the three conditions exhibited 8’ form. Crystallization habit of
a fat is dependent on its chemical composition. In general, fats containing uniform
triglycerides have the tendency to crystallize in the B form, and those containing a
mixture of different types of triglycerides tend to form B’ crystals. According to
Timms (7), the position of the fatty acid on the glyceride molecule is important in
determining polymorphic behavior of oils and fats. B’ is prevalent when the triglyc-
eride is “asymmetric,” i.e., two saturated or two unsaturated acids occupy the 1, 2
or 2,3 position, while the remaining position is occupied by an unsaturated or satu-
rated acid. The two major fatty acids in PO (palmitic and oleic) were reflected in
the triglyceride composition in that the two major triglycerides POP (31.4%) and
POO (19.8%) far exceeded the other triglycerides (8). These were followed by PLP
(9.7%) and POS (5.9%). There were moderate amounts of POL, OO0, PLL, and
SO0, where P = palmitic, O = oleic, L = linoleic, S = stearic acids. PO forms [’
crystal because of the various types of triglycerides present in the oil. It has also
been reported that PO, which contains a high level of palmitic acid, promotes the
formation of B’ crystals (9).

During storage, some changes were observed. PO shortening in sets A and B
showed the presence of a small amount of 8 polymorph at 4 wk and the number of
B crystalline formed increased with further storage. However, B’ form was still pre-
dominant until the end of the study. In set C, equal amounts of B’ and B were pre-
sent at 4 wk and thereafter.
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Fig. 6. Micrograph of palm
oil shortening at 1 wk. A,
Set A: Tempered at 10°C
for 2 d; B, Set B: Tempered
at 23°C throughout the
study; and C, Set C:
Tempered at 30°C for 2 d.

It has been reported in previous studies that milk fat contained f’ > B (10,11).
Recent investigators (12) reported that milk fat crystallized in B’-2 polymorphic
form. In this study, tempering showed some effect on initial polymorphic forms of
PO/AMEF 80:20 and 60:40 shortenings. In set A of PO/AMEF 80:20, p’ was predom-
inant, and a small amount of B form was present. In contrast, set B and set C of the
same shortenings contained all B’ polymorph. In the case of PO/AMF 60:40, set A
sample showed equal amounts of B’ and B, set B contained only B’, while set C was
dominated by B’. On the other hand, there was no effect on PO/AMF 40:60 which
showed the presence of B’ in all three sets of samples.
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Fig. 7. Micrograph of
Palm Oil-Anhydrous
Milkfat 60:40 Shortenings
at 12 wk. A, Set A:
Tempered at 10°C for

2 d; B, Set B: Tempered at
23°C throughout the
study; and C, Set C:
Tempered at 30°C for 2 d.

Several changes occurred during storage (Table 5). Set A of PO/AMF 80:20
and 60:40 shortenings had more [ than B’ at later storage, while PO/AMF 40:60
contained only B polymorphic form at weeks 8 and 12. Greater B’ stability was
observed in samples set B and C of PO/AMF 60:40 and 40:60 shortenings where
the crystals were still in the B’ form until the week 8. Later at week 12, B crystal
was predominant in PO/AMF 80:20 and 60:40 shortenings for all three sets of
samples. On the contrary, B’ was predominant in PO/AMF 40:60 shortening set B
and set C at week 12.



TABLE 5

Effects of Tempering on Polymorphic Forms of Palm Oil (PO):Anhydrous Milk-Fat (AMF) Shortenings During Storage

Shortening formulation

PO PO/AMF 80:20 PO/AMF 60:40 PO/AMF 40:60
Week A B C A B C A B C A B C
L B B p B>>p F p p+p 4 F>p p p p
4 F>>B  pF>>p P+ B+B p p B>>p i p p>>p 4 p
8 p>>p F>p B+P B>p F>>p  F>p B> B p B p B
12 p>B p>p P+B  P>F p>p B>p p>>p  B>p B> p F>p B>
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Summary

In the study, PO/AMF 80:20 shortening set A samples which were tempered at
10°C for 2 d were the firmest with the highest yield values. Tempering at 30°C for
2 d generally resulted in softer products than tempering at 23 or 10°C for 2 d. With
higher amount of AMF in the formulation, the samples became softer. There were
significant increases in solid contents of PO/AMF shortenings at week 8 of stor-
age. Set A samples contained the highest amount of solid followed by set B and
then set C, that is, samples in set C contained the least amount of solids. Set B and
set C of PO/AMF shortening samples were generally stable in the B’ form until
week 4 or 8 of storage. With prolonged storage, B form started to appear, and it
was dominant in PO/AMF 80:20 and 60:40 at week 12. Set A of PO/AMF 80:20
and 60:40 contained both B’ and B even from the beginning. More § polymorph
was formed with longer storage time. '
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Chapter 5

Triacylglyceride Crystallization in Vegetable Oils:
Application of Models, Measurements, and
Limitations

Jorge F. Toro-Vazquez, Elena Dibildox-Alvarado, Verénica Herrera-Coronado, and
Miriam A, Charé-Alonso

Universidad Auténoma de San Luis Potosi, Facultad de Ciencias Quimicas-CIEP, Av. Dr.
Manuel Nava 6, Zona Universitaria, San Luis Potosi 78210, México

Introduction

The triacylglycerides (TAG) have several physical chemical properties that deter-
mine processing conditions of fats and oils and their functionality in food systems. In
the particular case of the phase changes, these are physical properties that determine
the solid-to-liquid ratio provided by TAG in fats and oils as a function of tempera-
ture. These properties determine much of the functionality of edible vegetable oils in
a given food system. However, the relationships of the chemical structure of TAG,
their physical properties, and the corresponding functional characteristic of interest
in food systems are yet to be established. This is particularly true for complex sys-
tems such as vegetable oils, which are composed of mixtures of different families of
TAG and consequently do not have specific physical properties. For instance, veg-
etable oils do not have a particular melting or crystallization temperature. Rather,
vegetable oils show a melting/crystallization temperature profile. Thus, when oils are
cooled the family of TAG with the highest melting temperature (i.e., the one more
saturated) is the first to crystallize, developing a solid within a liquid phase. These
lipid systems, generally known as plastic fats, have fractal organization, i.e., a three-
dimensional crystal network of TAG in an oil continuum (1,2). The fractal dimen-
sion (D) has a mathematical relationship with the elastic modulus, G’, which in turn
has a significant linear regression with the hardness provided by crystallized TAG
(2). Additionally, TAG crystallize in different polymorph states, with distinctive
degrees of thermal stability, crystal size, and shape. These polymorph states for pure
TAG crystals (in increasing order of thermal stability) are sub-o, o, B’, and .
Polymorphic forms differ in the geometry of packing of the hydrocarbon chain at the
molecular level. At a higher molecular level, the TAG arrangement in the solid state
may occur, according to Larsson (3,4) in four different types. Two of these structures
depend on the conformation of the fatty acyl groups on the glycerol backbone, each
one organizing their hydrocarbon chains across the crystal layers in either of other
two structures of TAG (3,4).
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Then, the functional properties associated with the use of vegetable oils (i.e.,
mouthfeel, spreadability, emulsion stability, whippability, and air-bubble retention
capacity) in products such as chocolate, butter, low-fat spreads, shortenings, ice
cream, and whipped cream depend on the capacity of the TAG in the oil to develop
a solid phase, its melting/crystallization temperature profile, polymorph-polytype
state, and fractal organization of the crystallized TAG in the oil as affected by the
time—temperature conditions. The effect of time-temperature conditions on veg-
etable oils’ functionality is emphasized since TAG organization in the solid state is
a thermodynamic metastable process (3,5). Thus, a slight variation in the
time—temperature conditions has profound effects on the kinetics of polymorphic
transformations and subsequently in the temperature profile of melting/crystalliza-
tion (i.e., amount of solid phase as a function of temperature) and texture of the
product.

In spite of that complexity, the industry uses crystallization of TAG as a
process to: (i) eliminate small quantities of high-melting compounds from an oil to
improve its appearance and consumer visual appeal particularly at low ambient
temperature (i.e., winterization); (ii) obtain TAG fractions from oils or fats through
a process known as fractional crystallization; and (iii) modify the texture of food
systems.

Although achievement of these objectives is crucial in oils-and-fats process-
ing and in food-industry use, considerable experimental work is still required to
understand completely and to further control such process. Three different events
are involved during crystallization, namely the induction of crystallization (i.e.,
nucleation), crystal growth, and crystal perfection or crystal ripening. These events
occur nearly simultaneously at different rates, since there is a continuous variation
of the thermodynamic condition that produces crystallization, i.e., supercooling or
supersaturation. The occurrence of supercooling or supersaturation is a require-
ment to develop a solid from a liquid phase (i.e., nucleation). The thermodynamic
drive brings the molecules into a “liquid structure,” until a critical size of monomers
aggregates and thermodynamic stable solid nuclei are formed. In the case of veg-
etable oils, TAG conform lamellar “liquid organizations” which shapes and sizes
change as a function of temperature determining oil viscosity (6,7).

Several mechanistic models have been developed to study crystallization.
Thus, the Fisher-Turnbull model establishes the dependence of nucleation rate on
the activation free energy for nucleation and for molecular diffusion of the crystal-
lizing molecules. In contrast, the mechanism for crystal growth and the overall
crystallization rate is described by the Avrami model. However, none of these
models was developed considering the particular physicochemical and/or structural
characteristics of TAG in pure systems or in vegetable oils. Nevertheless, their
application to lipid systems has provided useful information to understand and to
describe TAG crystallization in simple and complex systems (i.e., vegetable oils).
Our laboratory has been engaged in crystallization experiments with vegetable-oil
blends done under several crystallization conditions (i.e., cooling rates, extent of
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supercooling), using the Fisher-Turnbull and Avrami models to describe TAG
crystallization in vegetable oils. Here, we present some data generated within this
context to discuss the application, measurements involved, and physical meaning
of the parameter obtained when such models are used in the characterization of
TAG crystallization in vegetable oils.

Supercooling and Supersaturation, the Thermodynamic
Drive for Crystallization

Three different events are involved during crystallization: nucleation (solid-phase
formation), crystallization (crystal growth), and crystal ripening (crystal perfec-
tion). However, before nucleation occurs, the solution must be under supercooling
or supersaturation conditions. The supercooling or the supersaturation is the ther-
modynamic force that drives the formation of a solid nucleus since there is a free
energy barrier opposed to the formation of the new phase. A general description of
the concepts of supercooling and supersaturation follows.

The relative supercooling, AT, is defined by AT = (T - T,,), where T, is the
melting temperature of the crystallizing compound and T is the isothermal crystal-
lization temperature of the system. In the case of pure TAG, T, is measured as its
melting peak temperature and with mixed TAG and vegetable oils as the melting
temperature of the component of highest melting temperature (Fig. 1). In both
cases, DSC is used to obtain a dynamic thermogram (e.g., melting thermogram
obtained at a specific heating rate), which is used to calculate T, (Fig. 1). Relative
supercooling, mostly referred to simply as supercooling, is the parameter most
commonly used in the literature to evaluate the effect of temperature on TAG crys-
tallization. On the other hand, the effective supercooling, (T — T,,°), is the differ-
ence between the equilibrium melting temperature, 7,,°, and the isothermal tem-
perature of crystallization, T. The T,,° value is the temperature where the smallest
aggregation of molecules (i.e., unstable crystal nucleus) is in equilibrium with the
molecules in the melt. Thus, small aggregations of molecules without the correct
tridimensional arrangement to develop a stable crystal nucleus will melt just above
T),°. A particular methodology to establish the magnitude of T,,° in polymers has
been described by Hoffman and Weeks (8) and later applied to oil systems by our
group (9). The procedure involves the determination of the apparent melting tem-
perature (T},") of the TAG of interest after its crystallization at different tempera-
tures (7). In the absence of secondary crystallization, the experimental plot
between T,,” and T gives a straight line with positive slope having a crossing point
with the equilibrium line T, = T which represents T,,°. Figure 2 shows the calcu-
lation of T,,° in blends of palm stearin (PS) in sesame oil. It is apparent that in a
given crystallizing system and polymorph state, T,,° is independent of both the
concentration of the crystallizing compound in the system (Fig. 2A) and the cool-
ing rate used to achieve isothermal conditions (Fig. 2B). However, T,° is affected
by the heating rate used during melting, particularly when recrystallization is
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Fig. 1. Dynamic heating (melting) thermograms (5°C/min) for sesame oil, palm stearin,
and blends of palm stearin in sesame oil at different proportions. T, is the melting
temperature of the triacylglycerides (TAG) with highest melting temperature (i.e., tri-
palmitin) (adapted from Ref. 9).

involved during heating. Formal studies that evaluate the effect of supercooling on
TAG crystallization in vegetable oils require the determination of 7},,° (i.e., the
effective supercooling).

In contrast, several quantities are commonly used to measure the supersatura-
tion. Some of these are B, Ln B, (B — 1) and (C - C,), where B = C/C, and C is the
concentration of the compound (i.e., TAG) in the solution (i.e., vegetable oil in a
solution) at a given temperature. To achieve crystallization, C always must be
higher than the concentration at saturation at the same temperature (C)). In the case
of supersaturation, the units used to calculate C and C, differ according to the char-
acter of the solute, i.e., electrolyte or nonelectrolyte. The most common units used
with TAG are molarities, molalities, and molar fractions.

There are practical differences between the concepts of supercooling and
supersaturation. Thus, the concept of supercooling is normally used when crystal-
lization is achieved from a melt of one (i.e., pure TAG) or often two or more com-
ponents (i.e., vegetable oil). The objective is either a simple solidification of a one-
component system, but most times the purification of a multicomponent system
(e.g., mixed crystals). In contrast, the term “supersaturation” is used when crystal-
lization of a particular substance (i.e., a given family of TAG) is achieved from a
solution (i.e., vegetable oil in hexane or acetone), and its objective is the separation
of a pure compound. Additionally, for crystallization from the melt, the composi-
tion of the medium surrounding the surface of the growing crystal does not change



Triacyglyceride Crystallization in Vegetable Oils 57

10 .
T,°=70.82°C
0 + + ¥ + o + V
0 10 20 30 40 50 60 70 80
T(°C)
ao + ..-

L r,‘,°=sz.sz°c¢

0+ + + + + + + +

0 10 20 30 40 50 60 70 80
T(°C)

Fig. 2. Determination of the equilibrium melting temperature, T,°. (A) 26-80% blends

of palm stearin in sesame oil, cooling rate 1°C/min, heating rate 5°C/min (adapted

from Ref. 9); (B) 26 and 80% blends of palm stearin in sesame oil, cooling rates of 1,
10, and 30°C/min, heating rate 5°C/min. Tand 7,/ are defined in the text.

as drastically as in crystallization from solution. Therefore, the progress of crystal-
lization is often not controlled by diffusion of the crystallizing molecules toward
the growing crystal surface as in crystallization from solution. In crystallization
from the melt, the progress of crystallization is controlled mainly by removal of the
heat of crystallization (AH,). Therefore, thermal diffusion effects predominate in
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melt crystallization, contrary to crystallization from the solution, where heat transfer is
not very important. Nevertheless, there is not a clear distinction between the effect of
supercooling and supersaturation on crystallization, especially when the conditions are
used at industrial scale (10). The reason for this is that supersaturation is generated by
the mixed effect of concentration and temperature, particularly in the processes of
cooling and evaporation. In any case, supercooling and supersaturation are associated
with the development of thermodynamic conditions needed to structure the molecules
in a liquid phase (“lamellar liquid structure’), until a critical size of monomers (i.e.,
TAG) aggregates and solid nucleuses are formed (3,11). In vegetable-oil crystalliza-
tion, supercooling is the thermodynamic drive mostly used. Therefore, we discuss just
information associated with the concept of supercooling.

During supercooling at temperatures below T,,°, the system attempts to achieve
thermodynamic equilibrium through nucleation and nuclei’s growth, and in the
absence of foreign particles or crystals of its own type, a solid phase is developed by a
process known as homogeneous nucleation. In the research made in the general area
of crystallization, including vegetable oil crystallization, homogeneous nucleation
conditions are usually assumed. Nevertheless, such experimental conditions are very
difficult to achieve, particularly at the industrial level. On the other hand, when nucle-
ation is eased through the presence of foreign particles, which work as nucleating sur-
faces, the process is known as heterogeneous nucleation. Homogeneous and heteroge-
neous nucleation are collectively known as primary nucleation. In contrast, in sec-
ondary nucleation the presence of a solid phase previously developed in the system or
added as seed crystals produces the development of additional solid at lower super-
cooling than the one needed for primary nucleation.

The Fisher-Turnbull Equation

When nucleation occurs from the liquid phase of the system, also known as the
melt (i.e., a vegetable oil), and in the absence of foreign particles, the rate of nucle-
ation (J) depends on the activation free energy to develop a stable nucleus, AG,
and the activation free energy for molecular diffusion, AG,., which is associated
with the work involved in the diffusion of molecules from the bulk toward the
crystal interface. Since viscosity is a physical parameter inversely proportional to
molecular diffusion, as supercooling increases, the viscosity in the liquid phase
might become a limiting factor for nucleation or crystal growth. The Fisher-
Turnbull equation (Eq. 1) describes the relationship of AG, and AG,. with J
through the following expression:

J = (NKT/h)exp(-AG /xT)exp (-AG /KT) [1]
where J is the rate of nucleation which is inversely proportional to the induction

time of crystallization (¢,), N is the number of molecules per mole, x is the
Boltzman constant, T is the crystallization temperature, and 4 is Planck’s constant.
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In a spherical nucleus, AG, is associated to the supercooling, 7, and the surface
free energy at the crystal/ melt interface, ¢, through the Gibbs-Thompson equation

(Eq. 2):
AG, = (16/3)n63(T,°) (AH)X(AT)? [2]

where (16/3)x results from the spherical shape attributed to the nucleus, AH is the
heat of fusion, T,,° is the equilibrium melting temperature of the crystallizing com-
pound, and AT is the effective supercooling (T - T,,°). Working with Equations 1
and 2 and the fact that J is inversely proportional to ¢, one can easily prove that
from the slope, s, of the linear regression of Log[(z)(T)] with I/T(AT)? the calcula-
tion of AG_ might be obtained since AG,_ = s K/(AT)2. With this approach, the only
experimental value to be determined besides T,,° is #, which in vegetable oils
might be calculated from the crystallization exotherm as the time from the start of
the isothermal process to the beginning of crystallization (i.e., time where the heat
capacity of the sample has a significant departure from the baseline) (Fig. 3) (9).
Additional methodologies to calculate ¢; have been developed using light transmit-
tance, optical density (6,12), and laser-polarized light turbidimetry (13). Approxi-
mations to determine the magnitude of AG, with Equation 2 might be obtained
with the use of T, and the relative superccoling (T - T,,).

The AG, should not be confused with the heat of crystallization, AH,. AG,is
the energy required to overcome the thermodynamic forces that oppose to the cre-
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Fig. 3. Isothermal crystallization thermogram obtained by differential scanning
calorimetry (DSC) indicating the determination of t; and reduced crystallinity (F)
(adapted from Ref. 9).
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ation of a solid phase within the liquid phase, while AH., is the energy added or
removed during isothermal crystallization of a given compound. When polymor-
phic transformations are not involved during the crystallization and melting
process of any given compound, AH, = AH,,, where AH,, is the melting beat of
the compound. Both AH -, and AH,, might be easily determined through DSC.

The above description assumes that nucleation occurs directly in the bulk of
the mother phase (i.e., the melt, the vegetable oil), which is in contrast to heteroge-
neous nucleation, a process where the nuclei are developed on substrates.
Heterogeneous nucleation introduces a new parameter into the theory, namely, the
wetting angle (0) between the crystallizing molecules and the substrate (i.e., for-
eign particles, irregularities on the container) (Fig. 4). The heterogeneous nucle-
ation theory follows the same concepts as homogeneous nucleation, except that
fewer atoms, and consequently lower supercooling, are needed to achieve nucle-
ation. Then, AG_* < AG_, since

AG*=f[AG,] [3]
where
f= (2 + cosB)(1 - cos8)/4 [4]

The magnitude of fis function of the wetting of the foreign particles by the crystal-
lizing molecules (i.e., TAG). A contact or wetting angle of 180° corresponds to

1
f
Fig. 4. (a) Nucleation on a
0 T foreign particle for different
0° 90° 180°  wetting angles 8: (b) factor f
Contact angle 6 against angle 8 (from Ref.

(b) 10).
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nonwettability and thus homogeneous nucleation since f= 1 (Fig. 4). When angle 8
lies between 0 and 180°, the nucleation work is reduced by the wetting surface of
the foreign particle (i.e., f < 1.0), consequently heterogeneous nucleation occurs
(Fig. 4) (10).

Heterogeneous nucleation is one of the most common processes occurring in
vegetable oil crystallization. However, its practical evaluation is complicated due
to the difficulty in determining the surface tension components that conform 6. The
use of Equations 1 and 2 in vegetable oil crystallization without the efficient
removal of foreign particles from the oil before crystallization quite probably
determines the magnitudes of J and AG, resulting from the combined process of
homogeneous nucleation occurring in the bulk and heterogeneous nucleation
occurring on foreign substrates (i.e., J* and AGC*). For example, water that has
been carefully purified and cleared of foreign particles by the distillation process
and has been maintained out of contact with air to avoid air bubbles can be cooled
below —30°C without ice forming in it. In contrast, supercooling tap water to -5°C
is sufficient to freeze some water.

Figure 5 shows the Fisher-Turnbull plot for the crystallization of blends of PS
in sesame oil (26, 42, 60, and 80%) (9). This model system is a complex crystal-
lization system. PS is a mixture of TAG obtained through fractional crystallization
from refined, bleached, and deodorized palm oil (14). Tripalmitin is the TAG with
the highest melting temperature in PS (15), and here its concentration was 16.46%
wi/w (£ 0.17%) (9). Our previous research showed that tripalmitin mostly deter-
mines the crystallization kinetics of PS and its blends with vegetable oils (i.e.,
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1/T(TM° = T)2 x 108
Fig. 5. Fitting of the nucleation kinetics of palm stearin blends in sesame oil according
to the Fisher-Turnbull equation (from Ref. 9).
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sesame oil) (5,7,9,12). In all these experiments, the crystallization process was
evaluated by DSC and involved heating the system for 30 min at 80°C (353.2 K) to
erase crystallization “memory” and then cooling to the crystallization temperature at a
cooling rate of 1°C/min. The induction time for tripalmitin crystallization, ¢, was
determined from the crystallization exotherm. For these particular blends of PS in
sesame oil, the T,,° was established with a value of 70.82°C (344 K, Fig. 2A) (9).

Then, a good linearity was obtained within the effective supercooling interval
investigated (» > 0.98, P < 0.0001) for the 26, 42, and 60% PS/sesame oil blends (9).
However, the 80% PS/sesame oil blend showed a significant change in slope in the
plot around 33.8°C (307 K). This behavior is indicative of a change in the free energy
required to achieve crystallization and it is associated with the development of a dif-
ferent polymorph state. Then, supported by additional DSC analysis, it was shown
that in the 80% solution PS crystallized in two different polymorph states, i.e., B," at T
< 34.5°C (307.6 K) and B, at T > 35°C (308.2 K). In contrast, within the interval of
effective supercooling investigated the 26, 42, and 60% PS/sesame oil blends crystal-
lized mainly in just one B,” polymorph state (mixed with some minor quantities of o
crystals, particularly at very low supercooling).

The corresponding AG , values for the PS/sesame oil solutions as a function of
the crystallization temperature are shown in Table 1. Lower AG, values have been
obtained for palm oil, PS (16), and hydrogenated sunflower oil (13). However, in
these studies a relative supercooling (i.e., T — T,,) rather than the effective super-
cooling (i.e., T - T,,°) was used in the calculation of AG, since the value of T,,°
was not established. As previously indicated, formal studies that evaluate the effect
of supercooling require the determination of 7,,°. The analysis of the AG_ as a
function of temperature (Table I) showed that crystallization in the B, state
required more energy for its development than B,” crystallization (9). The occur-
rence of the f’ — P polymorphic transition is important to produce value-added
products like trans-free margarines and vegetable spreads. In general, B’ form and
small size confer a fine crystal network that incorporates large amounts of liquid
oil and provides good spreadability and plasticity to margarines, shortenings, and
spreads. In contrast, B form, larger size, and higher melting temperature than '
crystals provide a sensation of sandiness and a dull appearance.

The Effect of Viscosity and Cooling Rate

It is generally accepted that the progress of crystallization from the melt is con-
trolled mainly by the efficient removal of the heat of crystallization. However, it is
important to point out that viscosity, in a combined effect with supercooling and
cooling rate, determines the magnitude of the ¢; and subsequently the process of
nucleation. Some results obtained in that direction are discussed. The effect of the
viscosity of the oil phase on z;, as a function of the effective supercooling, is shown
in Figure 6. Again, the PS/sesame oil blends were used in these DSC experiments
using a cooling rate of 1°C/min. The T),° for the PS/sesame oil blends was 70.82°C
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TABLE 1

Free Energy for Nucleation (AG), Index of Avrami (n), and Crystallization Rate
Constant (2) for Palm Stearin Crystallization in Sesame Oil as a Function of
Crystallization Temperature?

Avrami parameters

Crystallization Palm stearin AG, zX 108

temperature (°C) (% wt/vol) (Kj/mol) n (min~")
24.5 26 1197 4.4 821.95
25.0 1224 4.7 249.56
26.0 1279 4.8 109.69
26.5 1308 4.6 131.06
27.0 1338 5.4 5.91
27.5 1369 5.5 1.31
28.0 1401 5.1 1.14
28.5 1434 4.5 7.40
27.5 42 975 4.3 3095.43
28.0 998 4.0 5858.69
29.0 1046 4.4 649.16
29.5 1072 4.8 197.29
30.0 1098 4.7 120.14
30.5 1026 5.0 9.86
31.0 1154 5.0 2.81
31.5 1183 5.2 0.85
31.5 60 912 5.4 53.34
32.0 936 4.8 81.83
33.0 986 53 19.72
33.5 1013 5.5 1.18
34.0 1040 3.9 44.46
345 1069 4.6 188
35.0 1099 4.1 11.64
33.0 80 629 5.3 30.10
335 646 4.8 57.38
34.0 664 5 55.85
34.5 682 5.0 15.18
35.0 2804 5.5 3.87
355 2884 4.7 3.51
36.0 2967 5.3 0.03

#Adapted from Reference 9.

(344 K, Fig. 3A). Overall, Figure 6 shows that the effective supercooling was high-
er for the 26 and 42% PS solutions and lower for the 60 and 80% PS solutions. For
a particular PS system, the increment in the effective supercooling produced a
higher viscosity of the oil phase and a decrease in the ¢; (Fig. 6). This behavior was
explained by the authors as follows (9). Under the supercooling conditions investi-
gated and at the low cooling rate used (i.e., 1°C/min), TAG have enough time to
organize in the liquid state in lamellar structures while decreasing the temperature
to achieve isothermal conditions (Fig. 7). As a result, an increase in viscosity is
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Fig. 6. Relationship
among the t, viscosity of
the oil phase, and effec-
tive supercooling for
blends of palm stearin in
sesame oil {from Ref. 9).

observed. Thus, once the isothermal conditions have been achieved, TAG lamellar
structures further organize and achieve a critical size to develop a stable nucleus.
This last process will take place in shorter time (i.e., smaller ¢,) the longer the sys-
tem takes to achieve isothermal conditions (i.e., the higher the effective supercool-

T°

n“"l

LY,

Isothermal Time

Fig. 7. Schematic diagram showing the effect of cooling rate on the lamellar organiza-
tion of TAG and the t,. T° is the initial temperature and T, is the isothermal crystal-
lization temperature.
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ing and/or the lower the cooling rate) (9). Subsequent studies have been done to
evaluate the effect of cooling rate and crystallization temperature on ¢,. The results
are shown in Figure 8 for blends of 26 and 80% PS in sesame oil. Again DSC was
used in these experiments. However, in this case the T,,° for the blends was estab-
lished in 62.8°C (336 K, Fig. 2B). In both systems, the 26 and the 80% PS/sesame
oil blends, the increase in the cooling rate from 1 to 10°C/min increased the ¢,. The
same effect, although less evident, was observed when cooling rate was further
increased to 30°C/min. As previously discussed, at low cooling rates TAG molecu-
lar organization is achieved during the cooling period. In contrast, at higher cool-
ing rates (i.e., 10 and 30°C/min), the isothermal conditions are achieved at shorter
periods. Therefore, the higher the cooling rate, the less time TAG molecules had to
organize during the nonisothermal period. Consequently, when cooling rates are
increased to values of 10 and 30°C/min, crystallization takes place after longer ¢,
(Figs. 7 and 8). Additional evidence in that direction comes from dynamic rheolog-
ical measurements done with parallel plates’ geometry (50 mm in diameter and a
gap of 1 mm) at several cooling rates (1, 10, and 30°C/min) and applying variable
strain levels within the linear viscoelastic region (LVR). Blends of 26% PS and
80% PS in sesame oil were used in these experiments. The T),° for the blends was
established in 62.8°C (336 K, Fig. 2B). The challenge in such determinations is to
establish the conditions to apply the appropriate strain level to the oil sample with-
in the LVR and without the occurrence of slippage between the plate and the sam-
ple. These conditions vary for each crystallization temperature as a function of
time during crystallization. Results are shown in Figure 9 superimposed to the
thermograms obtained under the same crystallization conditions. The ¢; obtained by
DSC is shown for comparison purposes. The results showed that at the lower cool-
ing rate the viscoelastic component of the blends, G’, is already the main compo-
nent in the system before the ¢; was determined by DSC (Fig. 9A). This indicates a
more solid-like behavior in the blends before crystallization begins (i.e., higher
degree of TAG lamellar organization). In contrast, as the cooling rate increased, G’
was lower than G” before the induction time of crystallization (i.e., lower degree
of TAG lamellar organization), and this relation inverted as the induction time of
crystallization approached (Fig. 9B and 9C). Similar results were obtained with the
phase shift angle, §, i.e., at the lower cooling rate a solid-like behavior was already
in effect (6 << 90°) in the PS/sesame oil blends before the induction time of crys-
tallization, while the evolution from liquid toward solid (from & =90° to § << 90°)
was observed before the induction time of crystallization at cooling rates of 10 and
30°C/min (Fig. 10). An additional observation is that the peak observed in the
rheogram with 3 has a very good correspondence with the crystallization exotherm
obtained by DSC. The § peak is associated with TAG nucleation and crystal
growth.

Then, viscosity, supercooling, and cooling rate evidently determine the
process of nucleation (i.e., t;). However, their effect on the free energy for TAG
nucleation has not been evaluated. In the same way, the interaction among such
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Fig. 8. Effect of cooling rate on the ¢, for the 26% (A) and 80% (B) blends of palm
stearin in sesame oil.
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Fig. 9. Rheograms (G’ and G”) and DSC thermograms for an 80% palm stearin blend
in sesame oil. The graphs show the 1, 10, and 30°C/min cooling rates used.
Crystallization temperature 33°C. The dotted line is the induction time of crystalliza-
tion by DSC.
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variables during crystallization of TAG and their effect on macroscopic functional
properties provided by the three-dimensional fractal network (i.e., texture) have
not yet been determined.

The Avrami Model

During crystallization of most compounds, including TAG, the formation of nuclei
and their growth are events that occur nearly simultaneously at different rates,
since there is a continuous variation of the conditions that produce crystallization.
The Avrami model takes into account the formation of nuclei and their growth.
However, is important to indicate that the Avrami model does not provide informa-
tion regarding the size or the polymorph state of the crystals.

The Avrami model (19,20) states that in a given system under isothermal con-
ditions at a temperature lower than T,,°, the degree of crystallinity or fractional
crystallization (F) as a function of time (#) (Fig. 11) is described by Equation 5.
Although the theory behind this model was developed for perfect crystalline bodies
like most polymers, the Avrami model has been used to describe TAG crystalliza-
tion in simple and complex models (5,9,13,21,22). Thus, the classical Avrami sig-
moidal behavior from an F and crystallization time plot is also observed in TAG
crystallization in vegetable oils. This crystallization behavior consists of an induc-
tion period for crystallization, followed by an increase of the F value associated
with the acceleration in the rate of volume or mass production of crystals, and
finally a metastable crystallization plateau is reached (Fig. 11).

100 |
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Fig. 11. Reduced crystallinity (F) as a function of crystallization time for different tempea-
tures. The system is an 80% palm stearin blend in sesame oil, cooling rate 30°C/min.
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1 - F = exp(~zt™) (51
Ln [-Ln(1 — F)] = Ln(z) + a[Ln(#)] [6]

In the Avrami model, F is, in fact, a reduced crystallinity since it associates the crys-
tallinity of the system at a given time to the total crystallinity achieved under the
experimental conditions. The F value is measured with a property proportional to the
change in solid phase or crystallinity developed in the system as a function of time
(i.e., light transmitted or reflected, X-ray diffraction, DSC measurements, solid-fat
index by nuclear magnetic resonance). In general, F is calculated as F = (X, - X )/(X,
- X)) where X, is the concentration of solid (i.e., TAG in the solid phase) at time zero,
X, is the concentration of solid at time ¢, and X, is the maximum concentration of
solid obtained in the crystallization process. When DSC is used, the F values are cal-
culated from the crystallization exotherm as F = AH/AH, ,, where AH, is the area
under the DSC exothermal crystallization curve from ¢ = ¢, to ¢ = ¢, and AH, , is the
total area under the crystallization curve (Fig. 3).

According to the theory behind the Avrami model, the n value describes the
crystal growth mechanism process; a crystallization process with a polyhedral
crystal growth mechanism (i.e., tridimensional growth) has a value of n = 4. A
value of n = 3 indicates a plate-like crystal growth mechanism (i.e., bidimensional
growth), and an n = 2 indicates a linear crystal growth (i.e., unidimensional
growth) (21). On the other hand, the value z (Eq. 5) is the complex rate constant of
crystallization, which depends on »n and is a function of the nucleation rate and the
linear growth rate of the spherulite (Table 2) (21). This holds as long as conditions
assumed by the Avrami model prevail. Such crystallization conditions are: (i) con-
stant radial growth rate, (ii) constant density and shape of the growing nuclei, (iii)
no secondary nucleation, (iv) no volume change during crystallization, and (v) free
crystal growth (i.e., no impingement between growing crystals).

In Equation 5 the index of the crystallization reaction, n, and z, are calculated
from its linear format (Eq. 6) as the slope and intercept at Ln(f) = 0, respectively.
The F values to calculate by linear regression (Eq. 6) n and z are, most of the time,
between F < 0.25 and F 2 0.75. These F values are considered to assure constant
radial growth rate and no crystal impingement.

TABLE 2
The n and z Constants in Avrami’s Equation?
Mechanism of crystal growth Nucleation sporadic in time (primary nucleation)
n z
Polyhedral 4 nG3(/3)
Plate-like 3 nGA(1/3)
Cylindrical 2 rc? G/

2Adapted from Reference 22. n, index of Avrami’s equation; z, rate constant in Avrami’s equation; G, linear
growth rate of crystal sperulite; /, sporadic nucleation rate in time; d, width of crystal fibril; r, crystal radii.



Triacyglyceride Crystallization in Vegetable Oils 71

However, in TAG crystallization in vegetable oils, the experimental situation
is complicated by different phenomena taking place during crystallization.
Consequently, noninteger values of n are obtained. For instance, in the 26 to 80%
PS blends in sesame oil used in Reference 9, the n (and z) values calculated
between F = 0.25 and F < (.75 are shown in Table 1. In all cases fractional n val-
ues and n values greater than 4 were obtained. On the other hand, Equation 3
should provide values of z with a temperature dependence, which within certain
temperature interval would allow the calculation of the activation energy for crys-
tallization (e.g., through the Arrhenius Equation). However, with TAG crystalliza-
tion in vegetable oils, this is not quite the case (23). Additionally, in several crys-
tallizing systems, the resulting plots of the linear format of the Avrami equation,
Ln[-Ln(1 — F)] vs. Ln(#), supposed to provide a single slope associated with the
value of n, have given inconsistent results, and most of the times two regions of
different slopes are obtained. This last observation is evident in the corresponding
plots Ln[-Ln(1 — F)] vs. Ln(¢) for 26 and 80% (wt/vol) PS/sesame oil blends (Fig.
12). The plot, that was supposed to have provided a single slope associated to the
value of n, resulted in two regions of different slopes (Fig.12). The F value that
limits these two regions varied as a function of the crystallization temperature.
Evidently the n value of the first region is always greater than the one obtained
from the second region. Additionally, the fractional values in the Avrami expo-
nents suggest the presence of secondary crystallization. In polymer crystallization,
a combination of heterogeneous and homogeneous nucleation along with sec-
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Fig. 12. Linear format of the Avrami equation for crystallization of a 26% blend of
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ondary crystallization has been associated with this two-region crystallization
behavior with different Avrami exponents. This might also be the case with veg-
etable-oil crystallization.

From dynamic rheological measurements, it has been concluded that at the
low cooling rate, such as the one used in the experiments of Figure 12 (1°C/min)
(9), TAG molecules have enough time to achieve local-order in the liquid state
(i.e., lamellar structures) while decreasing the temperature toward the isothermal
crystallization temperature (Figs. 7-9). Once the isothermal conditions have been
achieved, TAG lamellar structures further organize and achieve a critical size to
develop stable nuclei (i.e., nucleation) (Figs. 7-9). Thus, at low cooling rates, the
first region of the Avrami crystallization curve shows the TAG nucleation
achieved through molecular organization during the cooling period. Then, the
local-order of TAG molecules must be primarily responsible for nuclei formation
in the first region of the Avrami curve during vegetable-oil crystallization.
However, its effect on TAG crystallization must be reduced as a function of the
increase in the cooling rate used to achieve isothermal conditions (i.e., equilibrium
conditions). Nevertheless, an additional event taking place in this first region of the
Avrami plot is heterogeneous nucleation, an occurrence independent of the cooling
rate used.

Within this framework, additional crystallization experiments were carried out
with 26 and 80% PS blends in sesame oil using several cooling rates. The results
are shown in Figure 13 following the linear format of the Avrami equation (Eq. 6).
As before, the slope of the first region is higher than the one in the second region.
However, for the same crystallization temperature, the n value for the second
region is independent of the cooling rate used. This suggests that the same mecha-
nism for crystal growth is followed independent of the cooling rate used. In con-
trast to the first region, in the second region of the Avrami plot, local order of the
TAG does not produce additional nucleation since thermodynamic conditions pre-
dominate (i.e., isothermal conditions). Thus, as sporadic nucleation gradually
begins, the slope of the Avrami plot is affected. Although in this second region the
n values obtained were within the interval accepted by the Avrami theory (i.e., 2.5
to 4.0), their fractional character indicated the occurrence of secondary crystaliiza-
tion. In fact, this has been shown in blends of PS and sesame oil through polarized
light microscopy (data not shown). Again, the experimental conditions involved a
cooling rate of 1°C/min. The birefringence of TAG crystal is not developed con-
stantly with time. Once the initial solid TAG lamellas have been obtained through
the development of local order, subsequent crystallization or crystal growth is
achieved by infilling of additional TAG getting the same orientation as the primary
lamella. As a result, TAG crystal birefringence increases in a heterogenous way
with crystallization time, showing that secondary lamella in these regions has the
same orientation as the primary solid structure (i.e., secondary crystallization).

In conclusion, TAG crystallization from the melt involves nucleation mainly
by two mechanisms (i.e., local-order of TAG in the liquid state and sporadic nucle-
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Fig. 13. Linear format of the Avrami equation for crystallization of an 80% blend of
palm stearin in sesame oil at 33°C (A) and 36°C (B) at several cooling rates. T,° =

62.8°C.

ation). Additionally, during crystal growth the involvement of secondary crystal-
lization is definite. However, all these processes are engaged during bulk crystal-
lization of TAG in events occurring not sequentially but in parallel. The Avrami
model does not consider all these phenomena. Therefore, more complex models
have been developed to relax the simplified assumptions considered by the Avrami
model. These models, mainly used to describe polymer crystallization, take into
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account a variable growth rate, a mixed model of nucleation, a change in the densi-
ty of the growing nuclei, the time dependence of the nucleation rate, and secondary
crystallization (e.g., intra- and inter-secondary crystallization) (24). There are no
crystallization studies with TAG or vegetable oils using such models. However,
considering the results obtained with polymers (24), it is quite probable that differ-
ent models have to be employed to describe the crystallization mechanism present
among the different families of TAG that constitute the vegetable oil.

The Fractal Organization of TAG During Crystallization

Our research is now focused in establishing the sequence of factors that determine
the macroscopic properties, such as the texture, in vegetable-oil crystallization.
Within this framework, the fractal organization of the crystal network and its asso-
ciation with the crystal growth mechanism (i.e., Avrami index) are now investigat-
ed. The context of this investigation is based on the elastic properties of fat-crystal
networks and their dependence on the fractal nature of the microstructure. Thus,
following the analysis of Narine and Marangoni (2) for the elastic shear modulus,
G’

G’ g (7

which can be written as (25)
G'=yo" (8]
Ln(G’) = Ln(y) + m[Ln(¢)] (91

where ¢ is the volume fraction of solid fat, m depends on the fractal dimension,
and 1y is a constant independent of the volume fraction but dependent on the size of
the primary particles and on the interactions between them (i.e., polymorphic
nature of the fat) (2). Then assuming that F = ¢, there is room for discussion
regarding the behavior observed by G”and F when both are measured as a function
of time during the isothermal crystallization process (Fig. 14). In the graphs shown
in Figure 14, the G’ values were obtained through dynamic rheological measure-
ments with parallel plates geometry (50 mm in diameter and a gap of 1 mm) and
applying variable strain levels within the LVR of the blend. The F values were cal-
culated by DSC measurements. Thus, the different slopes observed during the
process of crystallization are likely associated with stages of the fractal organiza-
tion achieved by TAG as a function of time. This type of plot might be helpful to
evaluate the effect of crystallizing conditions on the fractal dimension of TAG in
vegetable oils. In the same way, since 7 is a constant dependent on the size of the
primary particles and on the interactions between them (i.e., polymorph nature of
the TAG crystals), these plots are potential tools to establish the relationship
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Fig. 14. Relationship between G’ and F in an 80% blend of palm stearin in sesame oil
crystallized at several isothermal temperatures using a cooling rate of 10°C/min. T,
= 62.8°C.

among the Avrami index, the polymorph state, and the texture of the system as
affected by the crystallizing conditions [i.e., cooling rate (Fig. 15)].

Summary

The Fisher-Turnbull and the Avrami models have been used to describe TAG crys-
tallization in vegetable oils. However, before applying such models to obtain use-
ful parameters, particular considerations have to be taken. For instance, effective
supercooling must be established to calculate with the Fisher-Turnbull equation
reliable AG, values. Additionally, TAG crystallization from the melt involves
nucleation by two mechanisms: local-order of TAG in the liquid state and sporadic
nucleation. The resuits discussed here show that involvement of each mechanism
on TAG nucleation is affected by viscosity and cooling rate. The interaction
among supercooling, cooling rate, and viscosity during crystallization of TAG and
their effect on macroscopic functional properties (i.e., texture) in vegetable oils are
areas scarcely investigated. Plots establishing the relationship between G’ and F
(i.e., elastic shear modulus vs. reduced crystallinity in the Avrami equation) are
potential tools to study the effect of crystallizing conditions on TAG fractal dimen-
sions in vegetable oils, and subsequently, on texture.
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Chapter 6

Differential Scanning Calorimetry as a Means of
Predicting Chocolate Fat-Blooming

Imogen Foubert*, Inge Van Cauteren, Koen Dewettinck, and André Huyghebaert

Ghent University, Faculty of Agricultural and Applied Biological Sciences, Department of
Food Technology and Nutrition, Coupure links 653, B-9000 Gent, Belgium

Introduction

Fat-bloom, which manifests itself as a white film and general dulling of the character-
istic surface gloss, is a major concern to the chocolate industry because it compromis-
es both visual and textural quality (1). The mechanism of fat-bloom formation has
been studied intensively. It is rather generally accepted that fat bloom occurs when the
chocolate is not properly tempered. In this case, it most probably is the polymorphic
transformation from unstable to more stable polymorphic forms during storage that
leads to visual fat-bloom formation (2). However, also properly tempered chocolate
can develop fat-bloom, and over the years two main mechanisms have been suggest-
ed. According to some authors (see for example Refs. 3 and 4), fat-bloom formation
can be attributed to a recrystallization from form V to VI. Others (see for example
Refs. 5 and 6) suggest that bloom is due to a phase separation of the triglycerides
within the crystalline structure of the cocoa butter. Adenier er al. (7) suggests that the
low-melting liquid-like triglycerides in cocoa butter dissolve a portion of the high-
melting triglycerides and carry them to the surface, where they recrystallize in a puri-
fied form. Recently Bricknell and Hartel (1) hypothesized a sequence of events for the
development of visual bloom in properly tempered chocolates that is also based on
this phase-separation theory.

The main aim of this research was to investigate whether differential scanning
calorimetry (DSC) measurements performed shortly after production allow the
prediction of fat-bloom development at later storage times. Such a prediction tool
would have the advantage that the chocolate manufacturer can quickly adjust his
production process and that chocolate with a high risk of fat-bloom development
can be kept from the market. Besides this, the influence of tempering and cooling
time on the visual fat-bloom development and the melting profile of the chocolate
was studied to try to better understand the mechanism of fat-bloom development.

Materials and Methods

Two experimental set-ups with the same general outline were designed. Plain
chocolate was produced, but variations were introduced into the conventional
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chocolate-making process. In such a conventional process, properly tempered
chocolate is produced by cooling the completely molten chocolate of ca. 50 to ca.
29°C leading to crystallization of the cocoa butter. Then the temperature is
increased again to ca. 31°C. During this heating stage, the unstable crystals with a
melting point lower than 31°C will melt. Thus, after the tempering process (nearly)
only crystals in polymorphic form V exist in the chocolate mass. In the conven-
tional process, cooling is performed at 12°C during 20 min.

In a first set-up, properly tempered chocolate was compared with undertempered
chocolate (i.e., the temperature of the heating stage was 2°C higher) and with severely
undertempered chocolate (i.e., the temperature of the heating stage was 4°C higher).
After tempering, the chocolate was cooled at 12°C during 20 min. In a second set-up,
properly tempered, slightly undertempered (i.e., the temperature of the heating stage
was 1°C higher) and slightly overtempered (i.e., the temperature of the heating stage
was 1°C lower) chocolate was cooled at 12°C during 4, 12, and 20 min. After produc-
tion, the chocolate was stored at room temperature (20°C). It should be stressed that
no temperature cycling was performed to induce fat-bloom.

A professional panel assessed the visual fat-bloom development after certain
storage times (2, 4, 5, 7, and 9 wk after production in the first set-up and 1 wk, 1
and 3 mon after production in the second set-up). The meaning of the different val-
ues for bloom intensity is as follows: O: the product shows no difference compared
to the original product; 1-2: the product loses its gloss, but does not show any
white spots; 3: the product starts to show white spots or a gray film; 4: the product
clearly shows white spots or a gray film; and 5: the product has turned completely
white.

At the following storage times, the solid-fat content and the melting profile
were determined: 0, 1, 4, 24, and 48 h, 1 wk, 1 and 3 mon after production in the
first set-up and O, 1, 4, 24, and 48 h and 1 wk after production in the second set-up.
The solid-fat content was determined by means of nuclear magnetic resonance
(NMR) measurements. The melting profiles were determined using DSC. The sam-
ples (sample weight between 2 and 4 mg) were put in the DSC at room tempera-
ture, and the following temperature program was used: (i) cooling at a rate of
8°C/min to -20°C; (ii) keeping isothermal for 5 min; and (iii) heating at a rate of
5°C/min to 60°C. From the melting profiles, several parameters were extracted.
Apart from determining the peak maximum and the onset temperature, the total
area was divided into three by a perpendicular drop at 23.5 and 28.5°C. As such an
indication of the heat necessary to melt the unstable, § and B crystals could be
obtained.

Discussion

Visual Fat-Bloom Assessment. Undertempering and shorter cooling lead to a
faster and more pronounced fat-bloom development. The slightly overtempered
chocolate (second set-up) only shows a loss of gloss when cooled during 20 min.



DSC to Predict Fat-Bloom 81

Melting Profile (First Set-Up). Only the peak maximum will be discussed since
the other parameters show the same trends. Figure 1 shows the peak maximum as a
function of the logarithm of time for the three different tempering conditions. The
straight lines represent the best-fit curve (the value 0 h after production was not
taken into account to calculate this best fit). The peak maximum shortly after pro-
duction (up to 48 h after production) is lower as the chocolate is more undertem-
pered. An exception is the peak maximum of the severely undertempered chocolate
0 h after production, which is exceptionally high. The increase of the peak maxi-
mum over time is faster as the chocolate is more undertempered, which results in a
higher peak maximum for the severely undertempered chocolate at the end of the
storage period (from 1 mon after production onward).

A hypothesis explaining these results was formulated. The amount of nuclei
after the tempering stage is smaller as the chocolate is more undertempered. This
results in a higher amount of liquid chocolate after the cooling stage. Thus, the
severely undertempered chocolate contains a few stable nuclei (with a high melting
point) and a lot of liquid chocolate (69.7% as measured by NMR) 0 h after produc-
tion. This might explain the high peak maximum at this moment. During the stor-
age at room temperature, the liquid chocolate will crystallize in unstable forms,
since there are not enough stable nuclei to direct the crystallization. This results in
a lower peak maximum 1 h after production. During further storage, the unstable
forms will transform to stable polymorphic forms, explaining the increase of the
peak maximum from 1 h after production onward. In the undertempered chocolates,
the main part of the crystallization occurs at room temperature, possibly leading to
a coarser structure compared to that of chocolate crystallized at lower tempera-
tures. This coarser structure, possibly together with cracks caused by the transfor-
mation from unstable to stable polymorphic forms, might lead to an enhanced

Peak maximum (°C)

[}
&+

05 -1 05 0 05 1 15 2 25 3 35 4
Log time (h after production)

Fig. 1. Peak maximum as a function of time for three different tempering conditions
(first set up). O: reference; O: undertempered; A: severely undertempered.
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migration of high-melting fractions dissolved in a liquid phase of low-melting
triglycerides (1). These high-melting fractions will recrystallize at the surface (1),
and this might explain the higher peak maximum at the end of the storage period.
An enhanced transformation to polymorphic form VI caused by the coarser struc-
ture and/or the cracks is another possibility. A combination of both phenomena is a
third possible hypothesis.

Melting Profile (Second Set-Up). In the second set-up, tempering has no signifi-
cant (P = 0.05) effect on the peak maximum. Therefore Figure 2 only represents
the effect of cooling time. The straight lines represent the best-fit curve (the value
0 h after production was not taken into account to calculate this best fit). It can be
noticed that except for the value O h after production the chocolate cooled for 4
min has a higher peak maximum than the chocolate cooled for 12 or 20 min. The
difference between the chocolates is smaller than in the first set-up, but this could
be expected since the visual fat-bloom is also less pronounced in the second set-up
(a maximum visual fat-bloom of 2 in the second set-up compared to 5 in the first set-
up). There is no significant (P = 0.05) difference between 12 and 20 min cooling.

A hypothesis explaining these results was formulated. The chocolate which
was only cooled for 4 min has more liquid chocolate left after the cooling phase, as
confirmed by NMR measurements. Thus, in this chocolate, more crystallization
takes place during the storage at room temperature. As already described in the dis-
cussion of the first set-up, this might lead to a coarser structure of the final choco-
late, which in turn might lead to an enhanced migration and/or transformation to
polymorphic form VI. Each phenomenon or the combination of both might result
in an increased peak maximum from 1 h after production onward.
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Fig. 2. Peak maximum as a function of time for three different coding times (second set
up). [I: 4 min cooling at 12°C (all tempering conditions); O: 12 min cooling at 12°C (all
tempering conditions); A: 20 min cooling at 12°C (all tempering conditions).
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From both experimental set-ups, it could be concluded that chocolates with a dif-
ferent fat-bloom development also show differences in their melting profile. Since dis-
tinguishing all the degrees of fat-bloom development on the basis of one parameter at
one storage time would be difficult, it was decided to use discriminant analysis as a
statistical technique. This allows the simultaneous use of several parameters.

Introduction to Discriminant Analysis (8). The problem that is addressed with
discriminant analysis is how well it is possible to separate two or more groups of
individuals, given measurements for these individuals on several parameters.
Discriminant analysis generates a set of discriminant functions based on linear
combinations of the parameters. The distance of the individuals to the group means
can be calculated based on these discriminant functions, and each individual is
than allocated to the group it is closest to. This may or may not be the group the
individual actvally belongs to. The percentage of correct allocations is an indica-
tion of how well groups can be separated using the available parameters. However,
a moment’s reflection will suggest that allocating the individuals using this proce-
dure must tend to have a bias in favor of allocating individuals to the group to
which they belong. After all, the group means are determined from the observa-
tions in that group, and it is not surprising to find that an observation is closest to
the group mean which it helped to determine. To overcome this bias a “jackknife
classification” can be performed. This involves allocating each individual to its
closest group without using that individual to help determine the group means.

Results of the Discriminant Analysis. For each of the two set-ups, the following
parameters were used: peak maximum, onset temperature, heat necessary to melt
the unstable, B’ and B crystals (absolute and relative values). This leads to eight
parameters per storage time, which, multiplied by four storage times (0, 1, 4, and
24 h after production), leads to 32 parameters per individual. However, some para-
meters failed the tolerance test. This means that for that parameter the variance
within a group was too big compared to the variance between the groups. These
parameters were left out because they would not increase the prediction quality.

In the first set-up, three groups of chocolates were taken into account: the choco-
lates that did not develop any fat-bloom, chocolates that attained a bloom intensity of
3 after 2 wk and 5 after 5 wk, and chocolates that already attained a bloom intensity
of 5 after 2 wk. All the variance between the groups can be explained by two dis-
criminant functions. Using the regular classification method, 100% of the individuals
is correctly allocated; using the “jackknife classification,” this value decreases to
41.7%. A better representation of the separation quality is presented in Figure 3. This
graph displays the value of the second discriminant function vs. that of the first dis-
criminant function for each of the individuals. It can be derived from Figure 3 that a
very good separation between the groups is possible.

In the second set-up, the visual fat-bloom after 1 wk, 1 and 3 mon is taken into
account to create groups of chocolates, irrespective of the tempering and cooling
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Fig. 3. *: no fat-bloom development; A: bloom intensity 3 after 2 wk and 5 after 5 wk;
[ group centroid; O; bloom intensity 5 after 2 wk.

conditions. This leads to five groups: no fat-bloom development, bloom intensity 0
after 1 wk and 1 after 1 and 3 mon, bloom intensity 1 after 1 wk, 1 and 3 mon bloom
intensity 1 after 1 wk and 1 mon and O after 3 mon and intensity 1 after 1 wk and 1
mon and O after 3 mon and bloom intensity 1 after 1 wk and 2 after 1 and 3 mon. In
this case, four discriminant functions are necessary to explain all the variance. Using
the regular classification method, 98.7% of the individuals is correctly allocated; using
the “jackknife classification,” this value decreases to 79.3%. Again, a graph (Fig. 4)
gives a better idea of the separation quality. Figure 4A displays the value of the first
two discriminant functions for each of the individuals. It can be seen that three groups
can be separated well from the rest of the individuals. However, no good separation is
possible between the group with no fat-bloom development, and the group attaining a
bloom intensity of 1 after 1 wk, 1 and 3 mon. When the value of the third discriminant
function is plotted against that of the first (Fig. 4B), a much better separation between
these two groups is possible. A fairly good separation between the five groups is thus
possible when more than two discriminant functions are taken into account.

Summary

From this research, it can be concluded that varying the tempering conditions
and/or the cooling time at 12°C influences both the visual fat-bloom development
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and the melting profile as assessed by means of DSC. Also, this research pointed
out that the combination of DSC as an analytical technique and discriminant analy-
sis as a statistical technique shows possibilities as a prediction tool for fat-bloom
development.
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Chapter 7

Effect of Sucrose Polyesters and Sucrose
Polyester—Lecithins on Crystallization Rate of
Vegetable Ghee

Mohammad Ibrahim Nasir

Research Department, Jahan Vegetable Oil Company, Tehran - 19697, Iran

Introduction

Vegetable ghee or vanaspati is mostly vegetable fat in composition with a melting
point of 34—40°C. Vanaspati is a shortening and can be considered as a substitute
for ghee as margarine is for butter. Ghee is butter fat obtained from the milk
of cows or buffalo by boiling and draining off the aqueous phase (1,2). It is added
to tin cans in its liquid state and allowed to crystallize very slowly under well-
controlled conditions. In the Jahan plant, it is kept in cold storage at 12-16°C for
20 h in winter and 48 h in summer. Large crystals and grainy texture develop.
Some countries such as India, Pakistan, and those in central Asia prefer a coarse
appearance.

It is desirable that the vanaspati have a homogeneous consistency with no
phase separation. It should be stored undisturbed at the required temperature until
a stable crystal form is reached.

Constant-temperature rooms for tempering vegetable ghee are expensive to
operate and create logistic problems in maintaining and rotating inventories (3).
Although it cannot be eliminated, the tempering time can be reduced.

Some oil-soluble emulsifiers affect the crystallization process and develop-
ment of polymorphic forms of fats (4-8). Sucrose fatty acid ester or sucrose poly-
esters (SPE) and lecithins are well-known food emulsifiers (9,10). The main char-
acteristics of lecithins and SPE useful in food applications are their oil-in-water
and water-in-oil emulsifying properties, that result in dispersion with condensed
milk and coffee whitener, and prevention of blooming in candy products and
chocolate (7,9-11). But there are very few reports about two effects of SPE on the
crystallization of fats and oils, i.e., enhancement and inhibition (12,13).

The purpose of this work, therefore, was to evaluate the effect of several SPE,
lecithins, and SPE-lecithin mixtures on the crystallization of fat and to determine
the one that accelerated the crystallization in the vegetable-ghee processing, thus
reducing the tempering time.
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Materials and Methods

Materials. The hydrogenated blend of soybean (90%)/cottonseed (10%) oil, and
food-grade lecithin was from Jahan Vegetable Oil (Teheran). The sucrose
tetrastearate (SPE) used were DK Ester F-10 (70% stearate—30% palmitate),
sucrose tetrastearate was obtained from Daiichi Kogyo Seiyaku Co. (Tokyo,
Japan), P-170 (80% palmitate) and S-170 (70% stearate) were from Mitsubishi-
Kagaku Foods Corporation (Tokyo, Japan). All of the SPE used were hydrophilic-
lipophilic balance (HLB) = 1. Acetone and ethanol used for lecithin fractionation
were of analytic reagent (AR) grade from E. Merck (Darmstadt, Germany).

Differential Scanning Calorimetry (DSC). A Rheometric Scientific DSC-Gold
(Surrey, United Kingdom), programmed with the COMPAQ Prolinea 4/255 data-
base (COMPAQ Computer Corp., Houston, TX, USA), was used to measure
isothermal crystallization curves. Samples (ranging from 7.5 to 9.7 mg) were
placed in a standard aluminum sample pan. The procedure of DSC isothermal
analysis followed the method of Kawamura (14) with little modification. Melting
profiles of the crystallized fat were obtained by heating at a constant rate of
5°C/min, starting from about 20°C. Then the fat sample was held at 89°C for 10
min, rapidly cooled at a constant rate of 80°C/min or 100°C/min, and held finally
at the programmed temperature of 17°C. Heat flow (mcal/s) was plotted as a func-
tion of time (Fig. 1) and a function of temperature (Fig. 2).

Sample preparation followed the method described by Ryoto (13). One gram SPE
or dry deoiled lecithin was dissolved in 100 g of oil and heated to 60-80°C for com-
plete dispersion of the emulsifier. Ethanol-insoluble lecithin was added at a level of 1
mg/100 g oil and any residual to the ethanol was removed by heating a water bath.
Samples with 0.5 and 0.25% SPE or dry lecithin were prepared by diluting the original
sample with oil. Deoiling and fractionation of lecithin were done with acetone and
ethanol, respectively, as reported by Ziegelitz (15). Turbidity test was conducted on 70
mL oil in a 100-mL tube at different concentrations of DK F-10 (0.0, 0.5, and 1.0%) at
several temperatures.

Results and Discussion

It has been reported previously that SPE palmitate- and stearate-types have an
effect on the crystallization rate of fat (6,12).

In the present study, the effect of the addition of various SPE on the DSC
isothermal curves of fat is shown in Figure 1. The rapid cooling of the melted fat to
the programmed temperature (17°C) gave two exothermic peaks (three peaks in the
case of P-170 sample) due to the heat of crystallization.

The interval between the moment crystallization temperature is reached (point
1 diagrams) and the appearance of the second exothermic peak (point 3) is termed
T, (T, = point 3—point 1), and is a measurement of the crystallization rate.
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Fig. 1. Differential scanning calorimetry (DSC) isothermal analysis curves of fat: A. blank
sample, B. sample with DK F-10, C. sample with P-170, D. sample with S-170
(Emulsifier concentration is 0.5%). Isothermal crystallization at 17°C (right side), and
heating curves (left side), start at about 20°C at a rate of 5°C/min (rapidly cooled at a
rate of 80°C/min). (Continued)
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The addition of DK F-10 and P-170 reduced the value of T, by 17 and 10%,
respectively, in comparison to the fat sample without the emulsifier. S-170 prolonged
T, by 15% in comparison to the control fat sample. It seems that the first peak in the
exothermic curve represents the o-form crystal, which transformed to the B-form as
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Fig. 2. Heat flow as a function of temperature: A. sample with DK F-10, B. sample with S-
170 (it is the same isothermal curve of Figure 1 with the function differing.)

the second peak in the same curve (6,14,16). The appearance of the third peak in
Figure 1C corresponds to the B-form from B’-form crystal (second peak), in which
P-170 has facilitated the polymorphic transition, probably due to structure similari-
ty and its ability to co-crystallize with the fat (4,16). The bulkiness of the lipophilic
group. i.e., fatty acid ester, and the length of the lipophilic chain as well as struc-
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TABLE 1
The Effect of the Addition Different Concentrations of DK F-10 on T, Values of Fat?
DK F-10 Concentration (%) T (min)
0.25 3.51
0.50 3.53
1.00 3.28

The rapid cooling was at a constant rate of 100°C/min; the other conditions are as in Figures 1 and 2. Tis a
measure of the crystallization rate.

ture similarity are probably the factors behind the effectiveness of DK F-10 in
increasing crystallization (decreasing T) (4,16,17). On the other hand, S-170
delayed the crystallization probably due to its structurally dissimilarity with the fat
and its lower degree of ester composition (4,17). DKF-10 has been is reported to
be an inhibitor of crystallization in hydrogenated soybean oil (18), whereas it pro-
motes crystallization in the blend of hydrogenated soybean/cottonseed oil. The
addition of cottonseed oil to soybean oil alters the fat composition and thus
changes the activity of the emulsifier (4,6).

Table 1 shows the effect of the addition of DK F-10 at different concentrations
onT, values. At levels of 0-25 and 50%, T, values were similar but there was a
decrease of T at 1% concentration. This observation indicates that the emulsifier
at the level of 1% was absorbed by the fat during crystallization in sufficient
amount to affect the crystallization, whereas at 0.25 to 0.50% levels, there was an
insufficient amount to to cause an effect.

The effects of the addition to the fat of DK F-10, lecithins, and DK F-
10/lecithin mixture on T values are shown in Table 2. Addition of both deoiled
and ethanol-insoluble lecithins (1%) to the oil produced higher T, values compared
to that of DK F-10, due to the known inhibitory effect of lecithin on crystallization
of fat (5,19). Deoiled lecithin is more effective in delaying crystallization of fat
than the ethanol-insoluble lecithin fraction, probably due to the lower HLB of the
ethanol-insoluble fraction (mostly phosphatidylinositol) compared with deoiled
lecithin (10). The mixture of DK F-10/lecithins had an intermediate effect on crys-
tallization of fat.

TABLE 2
The Effect of the Concentration of DK F-10, and DK F-10/Lecithins on T Values?
Emulsifiers and concentration (%) T (min)
DK F-101 3.75
DK F-10-Deo L (50:50) 1 4.52
Deo L 1 5.72
DK F-10-E-I L (50:50) 1 4.11
E-11 1 5.20

4Deo L = deoiled Lecithin; E-1 L = ethanol-insoluble lecithin. The conditions are the same as those in Table 1.
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In looking at the DSC melting profiles of the crystals (endothermic peak) in
Figure 1 A-D, the sample with DK F-10 has a higher crystallization rate because
only the first peak is evident whereas the second melting peak has disappeared
(Fig. 1B). The sample containing S-170 has a lower crystallization rate (Fig. 1D),
with a very small first peak and a large second peak. This indicates that DK F-10
and S-170 have opposite effects on fat crystallization. Melting peaks of the control
and sample containing P-170 were intermediate in size between samples contain-
ing DK F-10 and S-170. The disappearance of the second melting peak (Fig. 1B)
indicates that the B-form crystals were not obtained and the less stable o-form
crystals melted directly without being first converted into B-form crystals. Figure
1D shows that o-form crystals (first peak) converted rapidly into the more stable
B-form crystals before being transformed into the liquid phase (19).

Figure 2A and B show the effect of temperature on heat flow of fat samples
containing either 0.5% DK F-10 or S-170. One endothermic peak is apparent in
Figure 2A, as is the case in Figure 1B and 1D at around 28°C, whereas in Figure
2B there are two endothermic peaks, which appear around 27 and 37°C.

Turbidity of the oil is caused by its crystallization. The effects of 0.0, 0.50,
and 1.0% DK F-10 addition and temperature on the appearance of full turbidity
(nontransparent) are shown in Table 3. The turbidity appearance rate increased
with increasing DK F-10 concentration in the oil. The differences in the rate are
high at a higher temperature, i.e, 25°C and reduced at a lower temperature.
Consequently, the addition of DK F-10 will allow the oil to temper at a relatively
high temperature (around 25°C) will be more useful and effective in saving time
and energy than that at a low temperature (around 12°C).

A practical scaled-up study was performed on samples of 3 kg of fat in square
tin cans: one with 1% DK F-10 in vegetable ghee and the other as control. The
sample containing DK F-10 reached complete solidification after 13 h, whereas the
control did not solidify until 5 h later. In the sample containing Dk F-10, solidifica-
tion took place in all parts of the oil simultaneously, whereas in the control, solidi-
fication occurred from bottom to top. This fact indicates that the emulsifier was
absorbed in the fat during crystallization in sufficient amounts to bring about a
faster solidification process.

TABLE 3
Effect of DK F-10 Concentration and Temperature on the Turbity Time of Fat Used in
Vegetable Ghee Production

Temperature (°C)

Sample no. DK F-10 (%) 25 19 12
1 0.0 >420 min 91 min 25 min
2 0.5 28 min 19 min 11 min

3 1.0 21 min 10 min 7 min
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Summary

This study is on the effect of various food emulsifiers on the fat used in the produc-
tion of vegetable ghee and shows that DK F-10 is the most effective in increasing
the crystallization rate and speeding up the solidification process. This approach
will save 5 h of work and contribute to increased production compared to the pro-
duction without DK F-10. This is in addition to the emulsifying properties of DK
F-10. The composition of fat used with the emulsifier is important in determining
its effect. Deoiled lecithin is the most effective in delaying the crystallization
process and can inhibit fat-blooming in chocolate and other fat food.
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Chapter 8

Experimental Study and Computer Modeling of the
Dynamic and Static Crystallization of Cocoa Butter

Ph. Rousset? and M. Rappaz?®

aNestec S.A., Nestlé Research Center, 1000 Lausanne 26, Switzerland, and ®Département
des Matériaux, Ecole Polytechnique Fédérale de Lausanne, MX-G, CH-1015 Lausanne,
Switzerland

Introduction

Close control of fat crystallization is often a key parameter for the processing of
food containing a significant level of fat. For example, chocolate, which is made of
a continuous fat matrix of mainly cocoa butter enrobing the other ingredients, must
be tempered before molding (1). This stage is necessary for cocoa butter to crystal-
lize in the right form to get the desired final properties for the chocolate: contrac-
tion at demolding, gloss, stability during storage, high melting point, fine texture,
hardness.

Fat is mainly composed of triacylglycerol (TAG) molecules. These TAG are
polymorphic, i.e., they can crystallize under several crystalline forms (2). To get a
stable food at the end requires the fat to be crystallized in the stable polymorphic
form to avoid possible further transformation. Cocoa butter does not form in the
stable Form V by simple cooling. It needs a well-controlled thermal path, per-
formed under shearing conditions, called tempering. This specific temperature pro-
gram is necessary to first nucleate enough crystals and then only keep the Form V
crystals and melt the other metastable ones. Shear is also required during this
process to get sufficiently rapid and intense nucleation of the stable forms.

Polymorphism and kinetics of crystallization of TAG and fat under static con-
ditions (e.g., in differential scanning calorimetry [DSC] apparatus) have been stud-
ied for a long time and are summarized in many reviews (2-6). Yet, these condi-
tions are far-removed from industrial applications, where crystallization is usually
achieved under shear (dynamic). Shearing has a major effect on crystallization
kinetics: it induces a faster and more homogeneous crystallization, often in the sta-
ble form and with a refined grain size. Yet, its effect is far from being fully under-
stood. Recently, several studies of dynamic crystallization of lipids have been
reported (7-12).

In the first part of this work, static, dynamic, and intermediate dynamic—static
crystallization kinetics of cocoa butter measured under isothermal conditions are
reported. The effect of shear rate and time is analyzed using a kinetics theory pre-
viously developed for polymers. In the second part, these isothermal experimental
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data are used in a computer model that has been developed for the simulation of
the crystallization kinetics of TAGA (13,14). This model allows the modeling of
the crystallization of cocoa butter samples under complex static or dynamic-static
crystallization conditions.

Materials and Methods

Experiments

Fat studied was pure prime-pressed cocoa butter from de Zaan B.V., Koog aan de
Zaan, Holland. Cocoa butter was crystallized under either static or shearing condi-
tions using two different apparatus. Static isothermal crystallization was investigat-
ed using a DSC Mettler FP900 instrument (Greifensee, Switzerland), which
allowed simultaneous calorimetric measurements and in sifu microscopy observa-
tions. The same device was used for the study of TAGA, and details can be found
in References 13-15. The cocoa butter sample (between 1 and 2.5 mg) was placed
in a small glass pan, and formation of crystals in the sample was directly observed
in transmission with a polarized-light microscope (PLM). The following thermal
path was used: first, the sample was kept at 100°C for 3 min to ensure a completely
liquid state; then it was rapidly cooled (10°C/min) to the desired temperature, T,
at which crystallization was allowed to proceed. After complete solidification, the
sample was heated at 2 or 5°C/min in order to measure the melting range (MR) and
the latent heat of fusion, AH, for each solid phase formed. For unambiguous iden-
tification of the phases formed during isothermal crystallization of cocoa butter, X-
ray diffraction (XRD) measurements (Siemens Kristalloflex 805, Muenchen,
Germany) were done in parallel to the DSC fusion curves.

For each isothermal experiment, the evolution of the mass fraction of solid,
f(8), could be obtained by numerical integration of the DSC exothermal peaks of
solidification, after correction for the baseline and normalization with the value of
AHf of the phase(s) formed. As cocoa butter is composed of many TAGA, its maxi-
mum solid fraction at equilibrium, f; .., is not unity and depends on the crystal-
lization temperature. Therefore, the crystallinity ratio, f()/f; ..., Was used to fol-
low the advance of the liquid—solid transformation, during which it varies from 0
to 1. From the evolution of fs(t)/fs,max, the onset time, z_ .., and the finish time, ¢
of the transformation were estimated. They corresponded to f((2, e )f; max = 1%
and fs(tf)/fs,max = 99%, respectively. Temperature-time—transformation (TTT) dia-
grams, which represent the kinetics of the phase transformations under isothermal
conditions, were also constructed, as previously described in Reference 13. For
each isothermal solidification plateau, 7 ., and ¢, of the various phase transforma-
tions were reported on the diagram, thus delimiting the time domain when liquid
and solid coexist. The morphology of the crystals that formed on the isothermal
plateau was also observed. Maps of crystal morphology as a function of the tem-
perature of solidification were constructed.
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Dynamic crystallization under precise control of shear and temperature was
studied in a prototype apparatus specially developed. The whole cell, similar to a
Couette viscometer, was made out of glass. The inner cylinder rotated at a con-
trolled speed, m, while the outer wall was fixed. A double-mantel with a circulation
of water allowed precise control of the temperature. Temperature of cocoa butter in
the cell was measured with a chromel-alumel thermocouple. Measures were
recorded with a data acquisition system. Shear rate imposed to cocoa butter in the
system could be estimated from the rotation speed of the inner cylinder, assuming
that the fluid is Newtonian and incompressible. There is no normal speed, only tan-
gential speed. The shear rate, v, in the specimen is a single function of the radius.
In the rest of this work, shear in the cell was characterized by its average value, ¥,
calculated by integration over the cell thickness (7).

Three different isothermal crystallization experiments were performed in this
work: classical static (i.e., quiescent) crystallization in the DSC apparatus, dynamic
crystallization with the apparatus described above, and dynamic—static crystalliza-
tion. Dynamic isothermal crystallization consisted in completely solidifying cocoa
butter under a shear in the Couette apparatus. Comparison of shear effect with
results from literature was done using the average shear rate ¥. This experiment did
not allow direct measurement of the solid content in the sample. However, charac-
teristic times of crystallization were estimated. The 7, corresponded visually to
the cloud point and to an increase of the cocoa butter temperature 7(¢) due to latent
heat release. The finish time, 7, was evaluated from the temperature evolution in
cocoa butter. At I the temperature 7(#) suddenly increases sharply because of the
apparition of a coherent crystalline structure in cocoa butter. This induces a loss of
contact with the outer wall and a sharp decrease in the heat extraction.

Dynamic-static crystallization is a combination of the two first techniques.
Cocoa butter was partially solidified under shear in the glass cell at constant tem-
perature during a shear time, #,, shorter than the time, z_ . of the dynamic crystal-
lization. Then a small sample was taken out and put in the DSC apparatus, where
crystallization was achieved under static conditions at the same temperature. In this
way, the same parameters as those used under static crystallization could be
observed but with a preliminary shearing period of the liquid. During the shearing
period, the sample was characterized by the average shear rate, ¥. This procedure in
two steps reproduces somehow the industrial processing of chocolate, in which
chocolate is first pre-crystallized under shear (i.e., tempering stage with the appear-
ance of a sufficiently large density of stable nuclei), before it completes its crystal-
lization quiescently (cooling tunnel after molding).

Model

As for pure TAG or binary mixtures (13,14), a numerical model called FEM-TTT
and previously developed for phase transformations in steel (16) was adapted in
the case of crystallization of cocoa butter during any cooling cycle. A finite ele-
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ment (FEM) code was used to calculate the evolution of the temperature in the
DSC sample, knowing the physical properties of the material as well as the initial
and boundary conditions. This calculation was coupled with a macroscopic model
of crystallization, which uses an additivity principle and the isothermal data pre-
sented in the form of TTT diagrams to simulate the solidification path at any node
of the finite element mesh. For this purpose, the corresponding cooling curve at a
given node was decomposed into small steps, during which the temperature was
held constant and isothermal solidification data could be used to estimate the evo-
lution of the solid fraction. As a result, the evolution of the latent heat or of the
fraction of each phase in the sample could be calculated. Details of the model can
be found in References 7 and 16.

Results and Discussion
Static Crystallization
Figure 1 presents the TTT diagram determined with the FP900 DSC apparatus

under static conditions. The temperature—time domain shown corresponds to the
domain of stability of Form II. Above 16°C, for a time longer than 20 min, Form

21
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Fig. 1. Estimated static temperature-time—transformation (TTT) diagram of cocoa butter
obtained with the FP900 apparatus. Open and filled symbols correspond to values 1
and 99% of the liquid-solid transformation achieved. Hatched domain corresponds to
the melting range (MR) of Form L.
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III starts to form simultaneously with Form II. In this diagram, the hatched region
(MR II) corresponds to the melting range measured for this phase upon heating.
The corresponding morphology of the crystals formed during static isothermal
holding is shown in Figure 2 as a function of the solidification temperature. Below
18°C, crystals of Form II grow under the form of a fine equiaxed morphology,
appearing as white spots dispersed in a dark liquid. Above this temperature, the
density of nuclei is low and spherulites are observed as a result of the smaller
undercooling available for the formation of Form II. These spherulites are fuzzier
than those observed for pure TAGA (13,14). This might be caused by irregularities
of crystalline layers due to the incorporation of molecules of various composition
and length.

Dynamic Crystallization

To study crystallization conditions closer to industrial processes, shearing was
imposed on the sample in a series of experiments using the Couette apparatus
described above. For dynamic crystallization, cocoa butter was completely crystal-
lized isothermally under shear. The dynamic TTT diagram obtained at 600 rpm is
presented in Figure 3. The phases formed were identified by DSC and XRD. For
all the crystallization temperatures between 17 and 23°C, only the Form V is found
in the samples after complete solidification. The melting ranges measured during
heating for Phases IV and V are shown as hatched regions. Crystallization kinetics
is accelerated, and formation of stable phases is favored as compared with static
crystallization (see Fig. 1). This shows the large effect of shearing, which enhances

N A g
100 ym B . === 100 g &

T

Fine mass Spherulites
| |
l 1 >
T, (°C
0 5 18 19 0 °C)
Fig. 2. Morphology map of Form Il of cocoa butter obtained during the isothermal
experiments of the static TTT diagram presented in Figure 1. Polarized light micro-

scope (PLM) views illustrate the morphology observed in each domain. See Figure 1
for other abbreviation.
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Fig. 3. Dynamic TTT diagram of cocoa butter at a rotation rate of 600 rpm. Hatched
domains correspond to the MR of Forms IV and V. See Figure 1 for abbreviations.

the mobility of molecules, thus helping them to overcome the kinetic barriers for
nucleation and growth. As a result, stable crystals are formed within a much short-
er time range.

Dynamic-Static Crystallization

The dynamic—static TTT diagram of cocoa butter presented in Figure 4 was con-
structed from DSC isothermal data, after a preliminary shearing of the melt at 600
rpm for a time ¢#,, just lower than the ¢ ., of the dynamic experiment at the same
temperature, T, . In the upper part of the diagram, Form V crystallizes but together
with some Form IV, contrary to what is observed under purely dynamic conditions
(Fig. 3). These two phases were unambiguously identified with both DSC and
XRD (7). During the dynamic stage, nucleation and growth of the stable phase V
are favored. But, when shearing is stopped and the specimen is further crystallized
under static conditions, crystals of Form IV can appear and grow as the tempera-
ture is lower than the liquidus of this phase (i.e., the upper value of the melting
range [MR IV]). They are metastable, but their growth rate is higher than that of
Form V. At lower temperatures, the dynamic stage is too short to allow the liquid
to transform into the most stable phases. Phase II first crystallizes (lower left cor-
ner of the TTT diagram); then mainly Form III appears and grows very quickly in
the whole sample. Phase II only crystallizes at a low percentage because the tem-
peratures studied are just below its liquidus. The remaining liquid crystallizes in a

mixture of Forms III (main phase) and some Form I'V. Compared with purely static
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Fig. 4. Dynamic—static TTT diagram of cocoa butter. Dynamic stage is under a rota-
tion rate of 600 rpm during a time t_ just smaller than the dynamic onset time, ..
Static crystallization is performed in the FP900 differential scanning calorimetry
(DSC) apparatus. Hatched domains correspond to the MR of the various polymorphs

observed. See Figure 1 for other abbreviations.

crystallization, the kinetics is more rapid and the growth of more stable phases is
favored. Such dynamic—static crystallization in the upper temperature domain stud-
ied here is comparable with the industrial tempering process for chocolate.
Ziegleder (17) observed that chocolate contains a mixture of Forms IV and V just
after solidification. Then, Form IV transforms into Form V within a few days dur-
ing storage.

Morphology map of the crystals observed simultaneously with the dynamic—
static DSC measurements is presented in Figure 5. The mixture of Forms III and
IV crystallizes in a fine equiaxed mass (lower temperature range of Fig. 4), as does
the mixture of Forms IV and V just above 18°C. For higher solidification tempera-
tures, Forms IV and V appear also as a mass growing radially from several nucle-
ation centers. This morphology becomes dominant as the temperature increases.

Effect of Shear Rate and Time

nset with the average shear rate, '?, for three tem-
peratures of crystallization, 18, 20, and 23°C. All the experiments were performed
under shear. The behavior is similar for the three temperatures. Below a critical shear,
Y,» Lonset 1S independent of the shear rate, where above it, 7, is found to decrease

as ¥, where the exponent m is close to —1. Lagasse and Maxwell (18) observed the

Figure 6 presents the dependence of ¢
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Fig. 5. Morphology map of cocoa butter crystals forming during the isothermal experi-
ments of the dynamic-static TTT diagram presented in Figure 4. PLM views illustrate
the morphology observed in each domain. See Figures 1 and 2 for abbreviations.

same phenomenon on polyethylene. Eder et al. (19) explained this behavior for
polymers by a theory considering a dependence of the nucleation and its induction
time with the shear rate. They found two nucleation domains. At low 7y, nucleation
is often independent of y. At high vy, the induction time is inversely proportional to
v. Therefore, the effect of shear on nucleation seems to be similar for cocoa butter
and for polymers.

Regardless of the shear rate and temperature, only the Form V is observed at
the end of crystallization. Results obtained by Ziegleder (12) for similar experi-
ments done at 20°C are also reported in Figure 6. This author identified Form IV at
the lowest shear rates and Form V at higher values. He also measured slightly
slower crystallization kinetics. This is certainly due to the different experimental
apparatus used in his study, since kinetics is very sensible in particular to the sur-
face of the container in contact with the fat (13).

The effect of the shearing time, #,, of the dynamic—static experiments was also
investigated. Since t could not be measured when it was shorter than the time for

onset
the DSC system to be equilibrated, the t, was instead selected as an indicator of the
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Fig. 6. Evolution of the dynamic onset time, t .., as a function of the average shear
rate. Results are compared with those of Ziegleder (Ref. 12) shown in dashed lines.
The slope of the lines is estimated with least squares.

crystallization kinetics. If it is assumed that the growth rate is only a function of the
temperature and not of other parameters such as grain morphology, then is only a
function of the nuclei density during the isothermal trials. For three temperatures (20,
23, and 25°C), a series of experiments was performed varying ¢, and keeping ® con-
stant at 600 rpm. In all cases, liquid transforms in a mixture of forms IV and V, as
identified by both DSC and XRD. The melting range of this mixture and its latent heat
do not change much with ¢, They are in between the values of Forms IV and V. This
indicates that the proportion of Phases IV and V formed does not depend on ¢, Yet, it
depends on the temperature of solidification: the higher the temperature, the greater the
proportion of Form V, as T, is closer to the liquidus of Form IV. Morphology of the
crystal is a directed mass growing from a few nucleation centers (see Fig. 5). The num-
ber of nucleation sites of this mass strongly depends on z,. Figure 7A and B present
the variations of z,and of the final density of nuclei, Nf respectively, as a function of 7
for the three crystallization temperatures. Horizontal lines in Figure 7A correspond to
the minimum value of #, that can be reached when purely dynamic crystallization is
performed, assuming that Phase V only forms. These times can be found in Figure 3
(solid symbols). The big dots on these horizontal lines have been placed at 7, = ¢ ..,
where 7., is again the onset value of the purely dynamic crystallization.

The density of nuclei in Figure 7B has been evaluated by counting the number
of sites on the microscopic views, when the nuclei were distinguishable, that is for
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Fig. 7. Dynamic-static crystallization of cocoa butter. Effect of the shear time, ¢, on:

A. finish time of solidification, t; B. density of nuclei sites. Dynamic stage is at 600
rpm, and large dots are the results for purely dynamic experiments.

23 and 25°C. As predicted by Eder er al. (19), tfdecreases, and the nuclei density
increases with increasing values of ¢, up to the saturation limit, where all the
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nucleation sites have been exhausted. The minimum value of the solidification
time was then reached, forz, <t ..

Modeling of Anisothermal Crystallization

The FEM-TTT model, based on the use of TTT diagrams and an additivity principle,
was applied to the complex cocoa butter system. Two cases of cocoa butter crystal-
lization were simulated. First, static crystallization at constant cooling rate of a
cocoa butter sample in a DSC pan was studied. Experiments were done in a
Perkin-Elmer (Norwalk, CT) DSC7 apparatus. Isothermal kinetic data used for the
simulation were also acquired on the same apparatus. The corresponding TTT dia-
gram is not shown here but can be found in Reference 7. The following thermal
path was applied to the sample. Initially the sample was fully liquid at 37°C; then it
was cooled at a constant rate between 0.5 and 4°C/min. Figure 8 presents the
experimental and simulated evolutions of the latent heat released by the sample
due to crystallization, for the four cooling rates considered. As expected for a static
case, a mixture of Forms II and III crystallizes. The simulation is in good agree-
ment with the experiment. Simulated curves are interrupted before the end of the
solidification, when the sample temperature reached 14°C. Indeed, isothermal mea-
surements could not be obtained below, due to a kinetics which was too fast com-
pared with the apparatus stabilization time. The small bumps observed in the
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Fig. 8. Comparison between experimental and simulated evolutions of the latent heat
of a cocoa butter sample in a DSC pan cooled at various cooling rates starting from a
completely liquid state at 37°C. See Figure 4 for abbreviation.
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enthalpy evolutions for both experiment and simulation at the slow cooling rates
(below 1°C/min) correspond to an arrest in the crystallization of Phase II, when the
sample is cooled between 17 and 16°C. In this temperature domain, the DSC peak
of crystallization measured under isothermal condition corresponds to a maximum
crystallizable fraction, £, .., of about 8% and is almost independent of 7. It is only
below 16°C, that the maximum crystallizable fraction increases again with a
decrease in temperature and that further crystallization occurs.

For the second example, cocoa butter was dynamically cooled from an initial liquid
state at 42°C, under three cooling conditions. Just before the dynamic time ¢, .., was
reached (the dynamic ¢ was first determined for each of the three cooling rates), a
sample was taken and put in the DSC FP900 apparatus, where it was submitted to an
isothermal plateau at the last temperature it was taken. The complete thermal paths for
the three cases considered are presented in Figure 9. For the three cases, a mixture of
Forms IV and V crystallizes. The same crystal morphology as for the isothermal
dynamic-static crystallization is observed, i.e., masses growing radially from nucleation
centers. The number of nuclei decreases when the cooling rate is smaller.

The crystallization of the three cases was simulated with the same FEM-TTT
model, using the isothermal data presented in the dynamic—static TTT diagram of
Figure 4. Figure 10 shows the experimental and simuiated onset and finish times of
crystallization. The model provides a good estimation of the crystallization kinetics.

45
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Fig. 9. Cooling curves of a cocoa butter sample for three cases of dynamic-static crys-

tallization. Anisothermal part is under shear at 600 rpm. Isothermal part is static in the
DSC apparatus. See Figure 4 for abbreviation.
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Fig. 10. Onset and finish times of dynamic-static crystallization of cocoa butter sam-
ples for the three cooling curves presented in Figure 9, measured experimentally, and
simulated with the FEM-TTT model.

In the case of complex crystallization cycles of cocoa butter, the two preced-
ing examples have shown that the macroscopic approach of the FEM-TTT model
allowed a satisfactory prediction of the crystallization kinetics. The model simply
needs to first establish the TTT diagrams corresponding to the experimental condi-
tions used. Therefore, computer modeling can become a tool for quantitative simu-
lation of the crystallization kinetics of fat (e.g., estimation of percentage of phases
formed and crystallization times) under complex cooling and shear conditions.
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Chapter 9
Crystallization of Palm Oil Products

Chiew Let Chong

Product Development and Advisory Services Division, Malaysian Paim Oil Board (MPOB),
P.O. Box 10620, 50720 Kuala Lumpur, Malaysia

Introduction

The Avrami equation (1), originally developed for the crystallization of metals from
melt, has been applied by many researchers to the crystallization of oils and fats in
order to elucidate information on their crystallization mechanism. The Avrami equa-
tion is based on the model of a growing sphere crystallizing from a melt of uniform
density without impingement. The usual Avrami exponent, used to draw conclusions
with respect to the crystallization mechanism of the system, is observed to be about
three or four for oils and fats after rounding off to whole integers.

In the work reported by Ng and Oh (2), an Avrami exponent of three was
observed for palm oil from solid fat content (SFC) measurements. Using differen-
tial scanning calorimetry (DSC) to monitor the isothermal crystallization of palm
oil, Kawamura (3) reported an Avrami exponent of four for palm oil.

For a mixture of cocoa butter with milk fat and milk-fat fractions using DSC
measurements, Metin and Hartel (4) observed that: (i) cocoa butter crystallization
was by heterogeneous nucleation and spherulitic growth with an Avrami exponent
n of four, (ii) anhydrous milk-fat crystallization is by instantaneous nucleation fol-
lowed by spherulitic growth with an Avrami exponent of three, (iii) for milk-fat
fractions the crystallization mechanism was observed to have a high nucleation
rate at the beginning of the crystallization which decreased with time followed by
plate-like growth with n values of about two for the high-melting fractions. (iv) the
addition of milk-fat fractions did not cause any significant changes in the suggest-
ed nucleation and growth mechanism of cocoa butter. The range of n observed for
the cocoa-butter/milk-fat mixtures was four to seven.

In the work reported by Wright et al. (5) on milk-fat crystallization using
SFC measurements, the following observations were made: (i) for anhydrous milk
fat, the Avrami exponent n was observed to change from less than one at 5°C to
1.5 at 20°C and to three or four after 20° up to 27°C, (ii) for milk-fat triacylglyc-
erol, the Avrami exponent n was observed to change from below one at 5°C to
2.41 at 20°C and from then to four or five up to 27°C, and (iii) for milk-fat triacyl-
glycerol mixed with diacylglycerol, the n values changed from less than one at 5°C
to 1.33 at 20°C and then to between four to six up to 27°C.

110
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Observed good fit of SFC data was reported by Herrera et al. (6) for the fit-
ting of SFC data of hydrogenated sunflower oil using Avrami exponent of three
and one. In the work reported by Dibildox-Alvarado and Toro-Vazquez (7) on the
isothermal crystallization of tripalmitin in sesame oil using ultraviolet (UV) mea-
surement, the tripalmitin solutions were observed to crystallize with Avrami expo-
nents of three and four in the temperature range of 285 K to 295 K.

Marangoni (8) has warned of the misuse of a modified form of the Avrami
equation.

From reported literature values, it can be seen that the Avrami exponent for
crystallizing oils and fats is usually about three or four with the exceptions of
anhydrous milk fat, its triacylglycerols, and its mixtures with diacylglycerol at
temperatures below 20°C, where an exponent of three is more common.

Avrami Equation for DSC measurement

For DSC measurements, the area under an exothermal curve corresponds to the
heat of crystallization, AH. The fraction of crystals f at any time ¢ during the crys-
tallization process is given by Equation 1:

2

The equation developed by Evans for DSC measurements based on the
Avrami equation is:

J't dAH(t)

g .dt}/AH (1]

1-f=ek" (2]

where k is the rate constant and » is the Avrami exponent related to the crystalliza-
tion mechanism. The previous equation can be expressed in logarithmic form as:

In[-In(1-Hl=lnk+nint [3]

n can be obtained from a plot of In[—~(1 — )] vs. In ¢.
Values for the Avrami exponent n for various types of nucleation and growth
are as shown in Table 1.

Experimental Procedures
Materials

Crude and refined palm oils, refined palm kernel oil, and refined palm stearin of
iodine value (IV) 35 and 41 are commercial samples obtained from various refiner-
ies around the Klang Valley region and used without any treatment.
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TABLE 1
Values of the Avrami Exponent n for the Various Types of Nucleation and Growth
Mechanisms? ‘

Avrami exponent n Type of crystal growth and nucleation expected
3+1=4 Spherulitic growth from sporadic nuclei.
3+0=3 Spherulitic growth from instantaneous nuclei.
2+1=3 Disc-like growth from sporadic nuclei.
2+0=2 Disc-like growth from instantaneous nuclei.
1T+1=2 Rod-like growth from sporadic nuclei.
1+0=1 Rod-like growth from instantaneous nuclei.

Source: Reference 5.

Methods

Isothermal crystallization of the oil or fat was monitored by a Perkin Elmer DSC 7
differential scanning calorimeter. Sample sizes range from 5 to 10 mg. The oil
sample is heated to a temperature of 80°C at a heating rate of 5°C/min from ambi-
ent and held at that temperature for at least 10 min in order to totally erase all past
crystallization memories. The sample was then cooled at a rate of 5°C/min until the
desired crystallization temperature had been reached. The sample temperature was
then maintained at this crystallization temperature for 2 h to monitor the complete
crystallization behavior of the sample. Partial areas under the thermal curve were
determined by means of the Perkin Elmer Pyris partial area analysis software.

Crystal polymorphic analyses were determined by means of X-ray diffraction
on an Enraf-Nonius FR 590 diffractometer equipped with a Guinier camera. Visual
crystal observations were made using a Leica DMLP polarizing microscope
equipped with a CCTV camera. Suppliers were Golden JoMalina, Lam Soon Sdn.
Bhd., and Felda Vegetable Oils Products Sdn. Bhd., all of Malaysia.

Observations and Discussion

In plotting the DSC isothermal data points (Figs. 1—4) to obtain the Avrami exponent n
for the various types of palm products, it was observed that only the crystallization
fractional range of 2-70% can be utilized to obtain the straight-line plot required to
determine the exponent. This is in line with the observation by Ng and Oh (2) that only
70% of the SFC values could be fitted. Data from higher degree of crystallization
(>70%) were observed to deviate from the straight line. From the figures, it can be
seen that very good straight lines are obtained for the data range plotted for all the
samples at all the crystallization temperatures investigated. Deviations from a straight
line can be observed in some of the plots even at the 70% of crystallization level.

Table 2 shows the results for the effect of sample cooling rate for refined palm oil
at 293 K. The cooling rates investigated are in the range normally used for most DSC
analysis of oils and fats. From the results, it can be deduced that DSC cooling rates in
the range of 5 to 20°C per minutes do not have any effect on the Avrami exponent
determined.
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Table 3 shows the crystal polymorphic form and Avrami exponent observed
for crude and refined palm oil and refined palm kernel oil at the isothermal crystal-
lization temperature indicated. An Avrami exponent of three was observed for all
the temperatures for the three types of oil even though the crystal may be in differ-
ent polymorphic form as in the case of crude and refined palm oils.

Table 4 shows the results for two palm stearins with IV of 35 and 41. The
stearin with IV of 41 is a soft stearin and appears to behave in a manner similar to
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In-[In(1-A]

¢ RBDPKO(288 K)

m RBDPKO(293 K) Fig. 3. Avrami equation plots for

A RBDPKO(288 K) refined palm kernel oil (PKO) under
isothermal crystallization. See Figure
1 for other abbreviation.

that of palm oil showing the same polymorphic forms and Avrami exponents at all
the temperatures investigated. The stearin with IV 35 is a sample of medium hard-
ness. From the results it can be seen that as the isothermal crystallization tempera-
ture increases some of the crystals are transformed from the B’ form into the B
form with the B form dominating at 308 K. The Avrami exponent was observed to
increase from a value of three at 298 K to five or six at higher temperatures.

In applying the Avrami equation to the crystallization of metals, for which the
equation was originally developed, experimental data would give exponents which
are whole numbers. When applied to polymers, it was observed that although

Fig. 4. Avrami equation plots
© RBDP$(298 K) for refined palm stearin (PS)
W RBDPS(303 K) with an iodine value of 41

A RBDPS(308 K) under isothermal crystalliza-
tion. See Figure 1 for other
abbreviation.
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TABLE 2
Effect of Differential Scanning Calorimetry Cooling Rate on the Determination of the
Avrami Exponent?

Cooling rate Avrami exponent n Regression equation

5°/min 3 Y =2.627X - 6.2006
10°/min 3 Y=2.6212X-5.7109
15%/min 3 Y =2.6457X - 6.1482
20°/min 3 Y=27152X-6.3106

Where
Y=In[-In[/-fland X=Int

aRBD, refined, bleached, deodorized.

whole number exponents were obtained in most cases, fractional exponents were
sometimes observed. However in the case of crystallizing oils and fats, the expo-
nents obtained are seldom whole integers, and rounding off to obtain whole num-
bers will have to be effected. Generally, only the rounded exponents are reported
in literature although in certain instances the fractional exponents have been
reported (4,5). This will give rise to ambiguities when the integers fall within gray
areas such as those between the 0.45-0.49 decimal range.

From theoretical considerations, an Avrami exponent of four would imply
three-dimensional growth with sporadic nucleation. For an Avrami index of three,
the implication can either be spontaneous or instantaneous homogeneous nucle-
ation with three-dimensional growth or a sporadic heterogeneous nucleation fol-
lowed by two-dimensional growth (Table 1). From theoretical considerations
(9-11), it was stated that spontaneous or homogeneous nucleation should rarely
occur in fats. Hence from theoretical considerations, oils and fats should crystallize
with Avrami exponent of four. However, from literature it can be seen that most
oils and fats tend to have an Avrami index of three, including the work on palm oil

TABLE 3
Avrami Exponents and Polymorphic Forms of Crude and Refined Palm Qil and Refined
Palm Kernel Oil?

Crude/palm oil Refined (RBD) palm oil Refined palm kernel ol
Temp/  Polymorphic Avrami Polymorphic Avrami Polymorphic Avrami
K form exponent n form exponent n form exponent n
278 o 3 o 3
283 o 3 o 3
288 oa—p 3 a—p’ 3 B 3
293 B 3 B’ 3 B’ 3
298 B 3 B 2 B’ 3

4See Table 2 for abbreviation.
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TABLE 4
Avrami Exponents and Polymorphic Forms of Refined Palm Stearin?
IV =41 V=35
Temp Polymorphic Avrami Polymorphic Avrami
K form exponent n form exponent n

298 B 3 3
303 p’ 3 5
308 B 3 B>>>p 4
313 B 2 6
318 3
315 B>>>p 5

4V, iodine value.

products reported here. This would imply that the growth of the crystals of oils and
fats is in two dimensions, not three.

For the work reported here, the polymorphic forms of the crystals of all the
palm oil products at the temperatures measured are either in the §§ or B’ form or a
mixture of both. The B polymorphic crystal form is plate-like while the B’ crystal
form is spherulitic with needle-like projections from the center of the crystal as can
be seen from the electron microscope pictures published by van Putte and Bakker
(12). Therefore it can be seen that for the 8 polymorph, although the final overall
shape of the crystal assumes the shape of a sphere in three dimensions, the plates
or leaves that form the crystal are thin. This shows that as far as the actual growing
sites of the crystal are concerned, growth is in two and not in three dimensions.

For the B’ polymorphic crystals, they assume a spherulitic shape with needle-
shaped protrusions radiating from the center. These needle-like protrusions from
the center of the crystals are the actual growing sites of the crystals as can be
observed under the microscope. The distribution of these needles around the center
of the crystal gives the final spherulitic shape of the B’ polymorphic form. As in the
case of the B polymorph, the growing needles of the B’ polymorph can also be con-
sidered as two-dimensional as it is only radiating outward from its own center and
upward. From the above considerations, it can be seen that the more commonly
observed Avrami exponent of three will be inconsistent with the theoretical consid-
erations for oils and fats nucleation.

The exponent values of more than three, i.e., five or six observed for the
stearin sample with IV of 35, were observed to occur in the presence of a mixture
of B and P’ crystals. These values could possibly be the sum of the exponents from
both the § and B’ crystals. However, more data will have to be obtained to support
this hypothesis.

As mentioned earlier, the Avrami exponent values commonly observed for
oils and fats crystallization appear to be inconsistent with theoretical considera-
tions. Why is this so?
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This could be due to the fact that the original Avrami equation was developed
for the crystallization of metals with conditions that are not fulfilled in the case of
oils and fats crystallization as compared to those of metals from melt. In those
crystallizing systems, the materials are more homogeneous with constant concen-
tration or density of the crystallizing material. However, this is not the case for
crystallizing oils and fats systems. Qils and fats are made up of a mixture of differ-
ent types of triacylglycerols, each with its own distinctive melting point. Under
isothermal crystallizing conditions, the density or concentration of the crystalliz-
able component is not constant but is diminishing in concentration with time or the
degree of crystallization.

In addition, the original equation developed was based on a model where the
crystal growth is over a solid sphere. In the case of the so-called three-dimensional
spheres assumed by the B and B’ crystals of oils and fats, it can be seen from the
electron microscope pictures (12) that the spheres are not solid but contain a lot of
empty spaces or voids.

It can be observed from microscope observations that as the crystal spherulites
grew in size they began to impinge on each other at advance degree of crystalliza-
tion. The form of the Avrami equation applied by most researchers to the crystal-
lization of oils and fats does not take this impingement into consideration. This
impingement at higher degree of crystallization could account for the deviations in
the plots after the 70% crystallization level.

These deviations from the original concept could probably account for the
deviation observed in the case of oils and fats crystallization and the fractional
Avrami exponents obtained. This can also account for the observation that only the
data obtained from 70% of the crystallization process can be utilized to determine
the exponent, i.e., the deviation from the theory is still small enough at this degree
of crystallization for the theory to hold. This would also imply that the amount of
empty spaces in the crystallizing spherulite is still small compared to a solid sphere
of crystal. The results obtained showed that where the fractional exponent is close
to a whole integer the assignation of the Avrami exponent is more certain.
Ambiguous assignations can occur if the fractional exponent is halfway between
two integers. Added to this ambiguity is the “loss” of information or contribution
from the last 30% of the crystallization process where large deviations from theory
were observed. The question that needs to be answered is whether the data from
the first 70% of the process is sufficient to represent the whole crystallization
process. Further work in this area will have to be carried out to resolve this as well
as to improve on the Avrami equation, taking into account the deviations from the-
ory mentioned above.

The caution by Marangoni (8) on the misuse of a modified form of the Avrami
equation is rightly justified within the context of the warning. However, if the
equation is to be applied to the crystallization of oils and fats in order to elucidate
information on the mechanisms of their nucleation and growth, the equation will
have to be modified to suit the conditions prevailing in the system.
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Summary

From the above discussion, it can be seen that palm oil products tend to crystallize
with an Avrami exponent of three except for palm stearin with an IV of 35 at high-
er temperatures where exponents higher than three were observed. From the
Avrami exponent values observed, it can be concluded that the crystallization
process of palm oil products is by sporadic or heterogeneous nucleation followed
by two-dimensional growth, from the point of view of the growing site, although
the final shape of the crystal mass is a sphere. However, the sphere is not solid,
having empty spaces occurring within the sphere.

In calculating the Avrami exponent from DSC data, it was observed that frac-
tional Avrami exponents are obtained, and not whole numbers, as is observed for
the application of the equation to metal melts for which the theory was developed
or in the majority of cases for polymeric crystallization from melts. In certain
instances the practice of rounding off the Avrami exponent value could lead to
ambiguity, especially where rounding off intermediate values between two inte-
gers, e.g., where exponents of 2.45 or 2.48 are obtained.

The Avrami equation can be used to probe the crystallization process of oils and
fats up to a certain level of crystallization (70% in the case of palm oil products). Data
from higher degrees of crystallization may distort the value of the Avrami exponent
due to the large amount of empty spaces in the crystal mass as well as the other devia-
tions from original theory. This may lead to a misinterpretation of the actual crystal-
lization mechanism. A modified form of the Avrami equation will have to be derived
for the conditions prevailing in oils and fats crystallization if the equation is to be fully
exploited for the elucidation of information on their crystallization process.
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Chapter 10

Comparison of Experimental Techniques Used in
Lipid Crystallization Studies

A.J. Wright, S.S. Narine, and A.G. Marangoni
Department of Food Science, University of Guelph, Guelph, Ontario, N1G 2W1, Canada

Introduction

Crystallization of fats encompasses two distinct events: nucleation and crystal
growth. While a stable nucleus must be formed before crystal growth can occur,
these events are not mutually exclusive. Nucleation may take place while crystals
grow on existing nuclei (1). In our investigations into the effects of minor compo-
nents on milk-fat crystallization, it became clear that minor components delayed
crystallization of the milk-fat triacylglycerols (TAG) (2). However, it was difficult
to discern whether the effects were at the nucleation or crystal growth level.
Distinguishing between nucleation and crystal growth constitutes a major chal-
lenge in lipid crystallization studies.

The shape of a crystallization curve can provide some insight into the mode of
crystal growth (3). However, the nucleation step is more elusive because the methods
typically used in these studies are relatively insensitive. Pulsed nuclear magnetic
resonance (pPNMR), which measures solid fat content (SFC), and light-scattering
techniques, which measure absorbance or transmittance of light, are commonly
used to monitor lipid crystallization. Anyone familiar with the pNMR method
knows that, at times, small amounts of crystals are visible in the melt before any
solids are detected. Clearly, at this stage, well beyond the induction time for nucle-
ation, the pNMR signal is measuring crystal growth. Turbidimetry, while more
sensitive than pNMR, e.g., shorter induction times are obtained, also has its limita-
tions. Crystallization times determined by turbidimetry correlated well with the
mass deposition of fat (4). A very strong correlation was found between induction
times by pNMR and turbidimetry for the three fat systems used in the minor com-
ponents study, suggesting that increases in turbidity are also due to mass deposi-
tion of crystals and not only nucleation (2).

It would be beneficial to have a convenient way of unambiguously determin-
ing nucleation induction times when seeking to understand the effects of varying
composition and processing conditions on nucleation, and it is essential if the
induction times are used in mathematical models such the Fisher-Turnbull equation
(5). In the Fisher-Turnbull model, activation energies of nucleation are calculated
from nucleation induction times. The usual assumption is that the experimental

120
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technique used to determine the induction time provides an accurate measure of the
nucleation rate.

Induction times for this purpose have been determined using light-scattering
techniques (6). Herrera et al. (7) used a modified laser-polarized light turbidimetric
approach to obtain induction times, the details of which were described by Herrera
(8). Polarized light microscopy (PLM) has also been used to visually observe the
onset of nucleation (7,9). Similarly, nucleation and growth rates in palm oil were
determined microscopically using polarized light in conjunction with a counting
cell and graduated occular (10). A similar method was automated using PLM in
conjunction with a CdS photosensor. Instead of observing the sample visually, the
sensor monitored the transmission of light through the crystallizing sample on a
microscope slide (11). This is a very sensitive approach; however, the specialized
equipment required is not commonly available. Differential scanning calorimetry
(DSC) has also been used to monitor isothermal crystallization of lipids (12-14).

Induction times determined by pNMR, turbidity, and light-scattering measure-
ments are compared to those determined using PLM in conjunction with image
analysis. Isothermal DSC was attempted as a fifth method for comparison.
However, because of the inherent lack of sensitivity at the high cooling rates
required to obtain isothermal crystallization conditions, it was abandoned. This
research was carried out in the context of our milk-fat minor components study (2).

Experimental Procedures

Minor components (non-triacylglycerol species) were removed from anhydrous
milk-fat (AMF) to obtain purified milk-fat TAG (MF-TAG) by column chromatog-
raphy using Florisil as the stationary phase (2). As previously described, the crys-
tallization behavior of the original AMF, the MF-TAG, and MF-TAG to which
0.1% milk-fat diacylglycerol was added (MF-DAG) was studied by pNMR and
turbidimetry (2). Although crystallization was studied between 5.0 and 27.5°C, we
will concentrate only on data collected at 22.5°C.,

In addition, crystallization was followed using PLM at 22.5°C. AMF, MF-TAG,
and MF-DAG were preheated to 80°C for 10 min before a drop of each was placed on
a preheated (80°C) glass microscope slide and covered with a preheated (80°C) glass
coverslip. The samples were imaged with a Zeiss polarized light microscope
(Oberkochen, Germany) using a 10x objective and equipped with a CCD Video
Camera (Sony, Tokyo, Japan). Temperature of the slide was maintained at 22.5°C.
Crystallization was followed by capturing an image every 15 s for 30 min. The images
were processed using Image Tool (The University of Texas Health Science Center,
San Antonio, TX). A background subtraction was performed initially by subtracting
the initial image (time = O s) for each AMF, MF-TAG, and MF-DAG from every
other image in the respective crystallization run. The images were manually threshold-
ed, using the same value for every image in each AMF, MF-TAG, and MF-DAG. The
threshold level was that which was found to most accurately reflect the original



122 A.J. Wright et al.

greyscale images. Once the images were thresholded, the relative amounts of
black-and-white pixels in each image were determined. The amount of black (rep-
resenting crystal mass) was plotted as a function of crystallization time.

For the light-scattering studies, a phase-transition analyzer (Phase Technology,
Richmond, B.C., Canada) was used; 150 uL of sample, preheated at 80°C for 30
min, was pipetted into the sample container of the analyzer, which was preheated
and maintained at 75°C, using a thermoelectric cooler. Thereafter, the sample was
rapidly cooled from 75 to 22.5°C at a controlled rate of 50°C/min. When the sam-
ple reached 22.5°C, it was held at this temperature, and crystallization was contin-
uously monitored using an optical-scattering approach. In this set-up, a beam of
light impinges on the sample from above. A matrix of optical sensors, in tandem
with a lens system, is also placed perpendicularly above the sample. When crystals
start to appear in the sample, the incident beam is scattered by the solid-liquid
phase boundaries, and scattered light impinges via the lens onto the detectors. As
more and more crystal mass develops, the signal output increases and is automati-
cally recorded.

Crystallization curves for pNMR, turbidity, light-scattering, and image analy-
sis were normalized by dividing each value by the maximum crystallization value.
The resulting fractional crystallization values were compared. Induction times
were determined by extrapolating the linear portion of the crystallization curves to
the time axis and by baseline deviation as shown in Figure 1.

Induction times were taken as the time from when the samples were placed at
22.5°C until crystallization began. Strictly speaking, however, induction times
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Fig. 1. Determination of crystallization induction times by baseline deviation (A) and
linear extrapolation to the time axis (B).
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should be taken from the point at which the sample reaches the crystallization tem-
perature until crystallization is detected. In all experiments, however, it takes some
time for isothermal conditions to be established. It is possible that differences in
the cooling rates between the four methods could influence crystallization. This
will be true regardless of how induction time is defined. Considering time zero as
the point at which 22.5°C is reached ignores the fact that crystallization will occur
between the melting temperature and 22.5°C. AMF, MF-TAG, and MF-DAG have
Mettler dropping points of ca. 34°C (2). Therefore, during cooling below 34 and at
22.5°C, the fats experience the same degree of supercooling. This eliminates con-
cerns of having different thermodynamic factors at work in the three fats and
makes the comparison of their crystallization behaviors much easier to define.
However, there are very real concerns regarding differences in cooling rates
between the different experimental methods. The cooling curves for the pNMR,
turbidity, and light-scattering are shown in Figure 2. A cooling curve was not
determined for the microscopy experiment, although the temperature was found to
equilibrate at 22.5°C within ca. 30 s. The rate constants of cooling for the initial
decrease in temperature to the dropping point (34°C) are shown in Table 1.

Figure 2 and Table 1 show that the cooling for the pNMR and light-scattering
is reasonably rapid and linear to 22.5°C. Similarly, the microscope slides reached
the crystallization temperature very rapidly, This makes it easier to assign any dif-
ferences observed between these experimental methods to the sensitivity of the
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Fig. 2. Cooling curves for samples in pulsed nuclear magnetic resonance (pNMR), tur-
bidimetric, light-scattering, and image analysis experiments.
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TABLE 1
Rate of Cooling Determined from the initial Linear Decrease in Temperature to 34°C
for pNMR, Turbidimetry, and Light-Scattering Spectroscopy?

Experimental method Cooling rate (°C/s)
pNMR -1.060 £ 0.119
Turbidimetry ~0.156 + 0.008
Light scattering -0.774 + 0.000

4pNMR, pulsed nuclear magnetic resonance.

methods, and not specifically to different cooling rates. Newtonian type cooling
was observed for the turbidity experiments. This meant that 22.5°C was not
reached for nearly 15 min. This is longer than most of the induction times deter-
mined for turbidimetry (Table 2). Therefore, these induction times actually corre-
spond to crystallization at temperatures higher than 22.5°C, and we must be careful
in drawing information from the results. In the cases where the crystallization tem-
perature was attained very quickly and within approximately the same time frame
(PNMR, light-scattering, and microscopy), the comparison between the methods is
more appropriate. Every effort should be made to achieve rapid and linear cooling
during crystallization experiments to avoid such complications. In the case of tur-
bidimetry, this resulted because of the poor heat transfer between the sample and
the surrounding metal cell holder through which cooling water was circulated.
More efficient heat transfer was achieved when the glass pNMR tubes were
plunged into a water bath at the crystallization temperature, in the chamber of the
phase transition analyzer, and when the glass microscope slides were placed on a
metal platform.

TABLE 2

induction Times (min) Determined by Linear Extrapolation and Baseline Deviation for
AMF, MF-TAG, and MF-DAG Monitored by pNMR, Turbidimetry, Light-Scattering
Spectroscopy, and by Polarized Light Microscopy Coupled to Image Analysis.
Average and Percent Error Reported?

By extrapolation pNMR Turbidimetry Light-scattering Microscopy
AMF 28.2 (4.2%) 14.9 (8.4%) 9.9 (0.5%) 3.0 (3.8%)
MEF-TAG 14.7 (6.2%) 12.3 (11.8%) 6.7 (1.1%) 1.5 (3.0%)
MF-DAG 33.3 (4.9%) 12.9 (11.0%) 7.1(0.7%) 5.3 (1.8%)

By baseline seviation
AMF 21.7 (4.1%) 16.3 (8.1%) 7.5 3.0
ME-TAG 11.0 (9.1%) 11.8 3.7%) 5.0 (10.0%) 1.5
MF-DAG 34.0 (5.9%) 12.7 (9.5%) 6.5 3.5

2AMF, anhydrous milk-fat; MF-TAG, milk-fat triacylglycerol; MF-DAG, milk-fat triacylglycerol with 0.1% miik-
fat diacylglycerol. See Table 1 for other abbreviation.
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Results and Discussion

Figure 3 shows thresholded polarized light micrographs of MF-TAG at various
crystallization times at 22.5°C. Crystallization curves for AMF, MF-TAG, and
MEF-DAG by pNMR, turbidity, and PLM-image analysis are shown in Figure 4.
MF-TAG crystallized first, followed by AMF and MF-DAG. MF-DAG had the
longest induction times determined by pNMR, while by turbidimetry and
microscopy, AMF had the longest induction times. Crystallization curves for

Fig. 3. Thresholded polarized light micrographs of milk-fat triacylglycerol (MF-TAG)
at various crystallization times at 22.5°C: (A) 1 min, (B) 3 min, (C) 5 min, (D) 10 min,
(E) 20 min, (F) 28 min.
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AMF, MF-TAG, and MF-DAG obtained from measurements of light-scattering
intensities are shown in Figure 5. In this case, MF-TAG crystallized first, and
AMF had the longest induction times. The induction times for the crystallization
curves are reported in Table 2.
Induction times determined as the time of deviation from the baseline were
shorter than those calculated by extrapolation of the linearly increasing curves,
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although the same trends were observed. Also, Table 2 shows that while the rela-
tive trends were similar, there were large differences in the absolute value of onset
times of crystallization between the four methods. Despite the fact that the absolute
values for the induction times differed, removal of the minor components consis-
tently decreased the induction times of the TAG. We can thus be certain that milk-
fat minor components exhibit an inhibitory effect on TAG crystallization.

Table 2 shows that the induction times determined by pNMR were the longest,
while those determined by the image analysis technique were the shortest.
Therefore, with the image analysis approach, we were able to detect some early
crystallization events beyond the sensitivity of the other methods. The higher sen-
sitivity demonstrated allowed for the detection of early crystallization events, pos-
sibly in the vicinity of the true nucleation events.

A simple calculation can highlight the reason why the microscopic technique
is more sensitive than pNMR and turbidity measurements. Solids in a 30-mg fat
sample (p = 0.90 g/cm?) with an SFC of 0.1% (w/w) occupy a volume of 3.33 -
10~!'m3, The volume of a spherical nucleus of 0.5 um diameter is 6.54 - 1020m?3,
If all of this solid mass corresponded to nuclei, 5.1 - 108 nuclei would be present in
this sample. An SFC of 0.1% is below the detection threshold of a pNMR machine.
Two obvious conclusions can be drawn from these calculations. Even at 0.1%
SFC, the solids present in the sample cannot solely correspond to nuclei, since
their number would be too great. Microscopic observation of a typical 30-mg sam-
ple of crystallizing fat (0.1% SFC) should convince any skeptic that 5.1 - 108
nuclei cannot possibly be present. This suggests that by the time SFC values reach
0.5-1.0%, a typical detectable level in a pPNMR machine, significant amounts of
crystal growth must have necessarily taken place. Therefore, an induction time of
crystallization determined by pNMR does not correspond to the induction time for
nucleation.

If cooling rates could be controlled in a better fashion, turbidimetry could be a
more sensitive technique for the study of the early stages of a crystallization
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process than pNMR. Poor heat transfer was the major disadvantage with the tur-
bidimetric experiments, although there are other inherent limitations (see below).
Turbidimetry relies on the scattering of light by newly formed, or growing crystals.
Scattering produces two effects on the transmitted beam: (i) a loss of transmitted
intensity due to scattering of the radiation at angles other than 0° (turbidity) and (ii)
an apparent change in velocity of the transmitted beam (refraction). A change in
the velocity of the transmitted beam due to scattering results in a change in the
refractive index of the medium, which will itself affect the measured turbidity (see
below).

The ratio of the intensity of the light beam after its passage through a sample
(!) over the intensity of the incident light beam (/) is related to the concentration
of scattering material by Beer’s law:

I 4
—=" [1]

0

where 7 is a turbidity parameter (m%/kg) similar to an extinction coefficient, / is the
sample thickness (m), and c is the concentration of scattering material (kg/m3). The
signal measured in a common spectrophotometer is the absorbance (or transmit-
tance) due to scattering, A, = -In(//I ). Hence,

A =1lc [2]

The turbidity parameter (1) is related to the Raleigh ratio at 90° (Ry) by (15):

T= TRQO [3]

And the Raleigh ratio for a solution containing N scattering centers per unit
volume is given by (15):

_8rta?

Ry =~ —N [4]

where o is the molecular polarizability of the system, which is a function of the
shape of the electron cloud and the frequency of the applied radiation, and A is the
wavelength of the applied radiation. Hence, 1 is proportional to the number of scat-
tering centers per unit volume.

The molecular polarizability is related to the difference in refractive indices of
the pure solvent and the solution/suspension by the relationship (15):

2 2
ns —no

T R
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where n_ corresponds to the refractive index of the solution/suspension, and n,, cor-
responds to the refractive index of the pure solvent. Substituting Equations 3, 4,
and 5 into Equation 2, we obtain the following expression for A :

4= 8731(n? - n3)? (c)
s T 3 2’4 N [6]
The absorbance of light due to scattering is proportional to the ratio of the concen-
tration of crystallized material to the number of scattering centers per unit volume.
Hence, in the vicinity of a nucleation event, a small amount of mass is distributed
among a large number of nuclei, resulting in a small value of ¢/N. This, in tumn, results
in a small value of A, which implies an inherent physical limitation in the ability of
the technique to detect nucleation events. The reader should keep in mind that the sim-
plified treatment shown above applies only to dilute solutions/suspensions, where scat-
tering centers are small relative to the wavelength of the incident light.

Another complicating factor in the measurement of turbidity is the absorption
of light by colored materials in the sample, thus reducing the intensity of the mea-
sured signal, and therefore the sensitivity of the technique. Impurities such as dust
can contribute to high background scattering, reducing the signal-to-noise ratio. If
the light used is not monochromatic, such as in the case of diode-array spectropho-
tometers, a distribution of scattering events at different wavelengths will take
place. Signal intensity can be lost due to the presence of slits on the detector side
of the spectrophotometer, which cut out much of the transmitted beam. As well,
only a small volume element is sampled during measurement, roughly the diameter
of the light beam. All of these factors result in a decrease in the sensitivity of the
technique and its ability to detect nucleation events.

Light-scattering spectroscopy proved to be a more sensitive method than tur-
bidimetry and pNMR. In this method, the intensity of scattered light, rather than
the attenuation of the signal intensity (/// ) is measured. The particular geometry of
the sample cell and positioning of the detectors also maximize the collection of the
scattered light. This technique proved to be very convenient, user-friendly, and
reproducible.

PLM has inherent advantages over turbidimetry. The PLM technique exploits
the difference in refractive index of a beam of incident light polarized in two per-
pendicular directions. This phenomenon is known as birefringence. Anisotropic
materials, such as a fat crystal, will display birefringence. Since fat crystals are
birefringent, they will appear as sharp bright objects in a nonbirefringent, and
therefore dark, background. The use of polarizers set at 90° removes most of the
nonbirefringent background signal (colored melt and scattering impurities), there-
by considerably increasing the signal-to-noise ratio. As well, since all of the trans-
mitted light beam in the field of view is collected by the lenses and focused on the
camera, signal intensity and therefore sensitivity are increased.
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Ultimately, the experimental technique of choice will depend on the applica-
tion. pNMR provides the best method to characterize the overall crystallization
process. For this reason it is suitable for use in the Avrami analysis. The water-
bath-based cooling used in the pNMR experiments also offered rapid cooling and
accurate temperature control. Both turbidity and scattering intensity signals tend to
become saturated prior to the completion of the crystallization process. Thus, it is
not possible to obtain reliable data on the latter stages of crystallization. Although
turbidity seems to offer the advantage of improved sensitivity, in our experience
there can be major errors associated with its measurement, concerns with poor
reproducibility, and major challenges with temperature control. Light-scattering
improves on this because it measures reflectance of light as opposed to transmit-
tance. It offers extreme sensitivity to early crystallization events, is easy to use, and
requires only a small volume of sample. Cooling rates and temperature can also be
accurately controlled in the instrument. Microscopy coupled with image analysis
also proved to be sensitive and had good temperature control, although it was the
most cumbersome technique. It does have the advantage that morphological infor-
mation can be acquired simultaneously as the kinetics are quantified.
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Chapter 11
Ultrasonic Characterization of Lipid Crystallization
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University Park, PA 16802

Introduction

Food oils are mixtures comprised of a range of structurally similar triacylglycerol
molecules with differing fatty acid substituents along with several other types of dis-
solved molecules (1). Because of the range of mutually soluble materials present in
the melt, fats can have a range of solid-to-liquid ratios, depending on the composi-
tion, current environment, and history of the sample. The solid fat content is a crucial
factor, determining various aspects of quality in many foods. While the details of
crystallization are dealt with elsewhere in this volume and in the literature (1), it is
important to note that, in many cases, there is no way to adequately predict the solid
fat content of an unknown sample. Therefore a range of analytical methods has been
developed capable of measuring the solids content of an oil mixture.

The earliest developed and frequently most precise technique is dilatometry.
In this method the changes in volume on freezing of a fixed amount of oil is used
to measure solid fat content. The equipment costs of a dilatometric method are rel-
atively modest, but the experiments are often laborious and messy. Dilatometry
remains a recommended method (Cd10-57) of the American Oil Chemists’ Society
(2) but has been largely replaced by various nuclear magnetic resonance methods
(AOCS methods Cd16-81 and Cd16b-93). Nuclear magnetic resonance (NMR)
exploits the differences in nuclear decay time of hydrogen nuclei in the solid and
liquid phases. “Solid” nuclei decay in the order of a few ms while “liquid” remains
can be polarized for several 100 ms. By making measurements at different times
after the excitation pulse, it is possible to distinguish and quantitate the solid/liquid
ratio. NMR is a true measure of solid fat content, whereas dilatometry is a relative
method that provides only a related solid fat index. NMR instruments are frequent-
ly very expensive, but the experiments are easier than dilatometry and many sam-
ples can be rapidly measured on a single machine. Solid fat content can also be
measured by differential scanning calorimetry (3), but this is not a standard
method of the AOCS.

While these methods serve useful roles in research, product development, and
quality-control laboratories, they are significantly limited. One important gap in
the present techniques is that they cannot be adequately applied on-line. On-line
measurements are always useful for automated control systems, but in the case of
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lipid crystallization they are even more valuable because the extreme sensitivity of the
material to small changes in temperature can bias even at-line measurements. In prin-
ciple it would be possible to construct an on-line NMR coil, but an adequately large
magnet would be prohibitively expensive. It would be impossible to use if the sample
were contained in metal or was rapidly moving along a production line so any instru-
ment could often not be applied in a real process environment.

Ultrasonics is in many ways the ideal measurement method for fat crystalliza-
tion studies. The ultrasonic properties of a fat are strongly sensitive to solids con-
tent and can be measured in opaque fats and through container walls. In the present
work I will describe the basic physics of ultrasonic waves, their interactions with
matter (particularly with semi-solid fats), and their measurement. I will then
describe ultrasonic studies of fat crystallization in bulk and emulsified fats. Finally
I will use some measurements of the effect of applied shear on fat crystallization as
an illustration of a study that could not be easily undertaken by other methods.

Ultrasonics
Fundamentals of Sound Waves

Sound is transmitted through materials as mechanical waves in physical structure.
Because the material is being mechanically deformed by the passing wave, its
ultrasonic properties contain useful information.about its macroscopic and micro-
scopic composition and structure.

Ultrasound is very high frequency sound (>20 kHz, often ~MHz) beyond the
range of human hearing. Sound at high frequencies can often behave as a beam and
can offer a usefully high degree of spatial resolution. The power levels used in
sensing ultrasonics are low, and the deformations induced by the wave are small
and reversible. In the sensing context, ultrasonics is therefore nondestructive and
should not be confused with high power applications such as homogenization,
welding, and cell disruption (4).

There are two distinct types of ultrasonic waves; the most commonly used in fats
characterization are longitudinal waves (Fig. 1A) where deformations occur in the
direction of propagation of the wave. It is also possible to generate shear waves with
deformations normal to the direction of propagation (Fig. 1B). Shear waves do not
travel macroscopic distances in fluids so it is often impossible to make good measure-
ments in foods. Throughout this work I will exclusively focus on longitudinal waves.

A wave can be characterized by an amplitude, frequency, and wavelength
which may change with time or distance traveled from the source. We can express
both the storage and loss properties of a sonic wave moving in a material concisely
as the real and imaginary parts of a complex wavenumber: k = w/c + io, where ¢ is
the speed of sound, w is the angular frequency (=2 nf), fis frequency, i =V — 1, and
o is the attenuation coefficient. Ultrasonic properties are often frequency depen-
dent so it is necessary to define the wavelength at which k is reported. The depen-
dency of k on frequency is the basis of ultrasonic spectroscopy.
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Interactions with Food Materials

The speed and attenuation of sound in a food material are of no practical value in
themselves but only as they relate to other relevant material properties. Fundamentally,
wavenumber is related to material properties via the Wood equation (5):

2
&2

w E
where E is the adiabatic elastic modulus of the material, which is equivalent to the
bulk modulus, K, for a fluid. When a beam of ultrasound passes through a bulk
material (i.e., beam width less than sample width), there is some shearing at the
beam edges because the compressed material has to move laterally against the
uncompressed material, and X is replaced by K + 4/3 G where G is the shear mod-
ulus. Because K >> G, longitudinal ultrasonic properties have only a weak and
hard-to-measure dependence on bulk shear rheology. Although all of the material
parameters in Equation 1 are complex, in many cases it is possible to neglect the
imaginary component and rewrite it in the more widely known form (x is the adia-
batic compressibility = K-!):

2oL
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Speed of sound is thus directly and analytically related to bulk-material properties
and becomes a useful measure of fat structure.

Ultrasonic velocity has been almost exclusively measured in ultrasonic studies
of fat crystallization, but the attenuation coefficient also can reveal interesting
information. As the sound wave passes, the fluid is alternately compressed and rar-
efied which results in the formation of rapidly varying temperature gradients. Heat
energy is lost because the conduction mechanisms are inefficient (thermal losses)
and together with molecular friction (viscous losses) cause an attenuation of the
sound given by classical scattering theory (5):

R

2
c An ﬂ’_ + (1- Y)C [3]

o3 g

~

where, o, is the classical attenuation coefficient, y = C,/Cw Cp and C,, are the spe-
cific heat at constant pressure and volume, respectively, ¢ is the thermal conductiv-
ity and m} the viscosity. Classical scattering is often a severe underestimate of the
attenuation of real lipid systems where scattering or the perturbation of certain fast
physical and chemical reactions can cause much more significant losses (6,7).

Measurement Methods

Various types of commercially available and specially constructed equipment are
available for the measurement of the ultrasonic properties of fluids (8,9) including
semi-solid fats. All require an electrical signal generator to excite ultrasonic vibra-
tions in a transducer that propagate into the sample and are detected by another
transducer (or the same one after a time interval). Some sort of time/voltage mea-
suring apparatus, typically a digital storage oscilloscope, is required to measure the
electrical signals.

The changes in the ultrasonic properties of fats on crystallization are so large
that it is not always necessary to use the most precise ultrasonic equipment, and it
is possible to use the more robust pulsed methods where the ultrasonic velocity is
calculated from the time taken for the pulse to travel the known pathlength (from a
water calibration) and attenuation from the logarithmic decrease in energy with
distance (5). If required, the frequency dependence can be calculated from a
Fourier transformation of the detected, board-band echo (10) or by using a series of
single-frequency tone bursts. More precise measurements can be made using an
interferometer (5) or a fixed pathlength resonator (11,12).

If transmission measurements are impossible, another approach is to measure the
amount of sound reflected at the interface between the sample and a known solid—
often the container wall. The amount of sound reflected is a function of the impedance
mismatch between sample and solid defined by a reflection coefficient, R ,:
where z is the acoustic impedance of the material (= ¢cp) (5).



136 J.N. Coupland

2
R, = S [4]
1 +2,

Whether constructing purpose-built apparatus or using off the shelf instrumen-
tation, a certain amount of care is required to make good quality measurements.
Good temperature control (+0.1°C) is essential in precise ultrasonic experiments
because the ultrasonic properties of fluids, and also the solids content of fats, are
strongly temperature-dependant, e.g., the speed of sound in liquid oil changes ca. 3
ms~! per 1°C temperature (13). When temperature control is not possible, good
temperature measurements should be made and reported with the ultrasonic data. It
is crucial that the reported temperature is homogeneous over the entire acoustic
pathlength. Finally, perhaps the most common reason for poor acoustic data is the
presence of entrained air bubbles in a food sample. Because bubbles attenuate
sound so strongly, even 1 vol% of the correct-sized bubbles can make a material
acoustically opaque. Smaller amounts, which may not be visible on casual inspec-
tion, will dominate the signal and overwhelm the effects of varying fat composi-
tion. Air cells can often be removed by gentle centrifugation or by degassing
before an experiment.

Measurements of Fat Crystallization
Bulk Fats

Sound travels more quickly in solids than liquids, and by measuring the time for an
ultrasonic pulse to move through a fixed pathlength of oil as a function of tempera-
ture, it is possible to measure the solids content (14). In a model system study,
McClements and Povey (14) showed that each percentage of insoluble triacyl glyc-
erol added to paraffin oil gave an increase of about 3.1 ms~! in the speed of sound.
The technique was relatively insensitive to the type of triglyceride and thus a use-
ful general measurement of solid fat content. Modern instrumentation is capable of
an accuracy of ca. 0.1 ms~! corresponding to ca. 0.03% solid fat content. While it
may not be possible to realize this precision in a real processing environment, even
if it were an order of magnitude worse, it would be comparable to an off-line NMR
measurement (2).

It is relatively easy to determine an empirical correlation line to measure the
solids content of a mixture of soluble and insoluble fats (a good straight line was
shown up to ¢ = 0.5), but these authors (14) were also able to show that the Wood
equation (Eq. 2) may also be used to give some theoretical basis to the measure-
ment. For a two-phase system with small density differences between the phases
and particle sizes less than ultrasonic wavelength, the density (p) and adiabatic
compressibility () in Equation 2 are given by volume fraction (¢) weighted aver-
ages: K = (1 - §)x; + 0K, and p = (1 - 9)p, + Op, (subscripts 1 and 2 refer to the
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dispersed and continuous phases, respectively). By substituting x = ¢c2p~! (Eq. 2)
for each phase, the volume fraction is given as the solution of the following qua-
dratic equation:

_-B-+B*-44AC
- 24

¢ (5]

where

Volume fraction can be converted into the more familiar solid fat content from the
A= (l—ﬁl—j+c22 (1—”—2) 6]
2} P
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B=c +c — [7]
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ot
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densities of the component fats as solid fat content = 100 ¢p2p~!. The extended
Wood equation worked well up to ¢ = 0.2 (14).

Comparisons of ultrasonic with NMR methods have shown that the former
perform at least as well and better in the case of low levels of solids (15). The mea-
surements are insensitive to the type of triglyceride used (14) but may show some
dependency on any polymorphic transitions that may occur (16). However this
technique has not been widely adopted nor has it received detailed review by the
AOCS.

Ultrasonic measurements can also be used to estimate solids content by plot-
ting speed of sound as a function of temperature. The speed of sound in lipids
decreases with temperature, and overlaid on this, there is a sigmoidal increase in
speed of sound on crystallization due to change in solid fat content. Results of a
typical experiment are shown in Figure 2, where the speed of sound in a chocolate
sample is measured as a function of temperature. The solid fat content can be mea-
sured by extrapolating the solid and liquid lines over the transition range. The solid
fat content can then be calculated as:

where c is the measured ultrasonic velocity, c, (c)) the velocity in pure solid fat
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(liquid oil) extrapolated to the measurement temperature, and SFC = solid fat con-
tent. This equation was again derived from Equation 2 by assuming solid fats and
liquid oils have similar density and behave ideally as a mixture (17). It should be
noted that this approach is similar to differential scanning calorimetry in that it
assumes that the extrapolations drawn are from pure liquid or solid fat.

Acoustic reflectance can also be used to estimate the onset of crystallization.
In Figure 3 the reflection coefficient from the surface of a confectionary coating fat
was measured as a function of temperature during cooling. As the solids content
increases, the fat becomes more acoustically similar to solid used to transmit the
solid (Eq. 4), and the reflection coefficient decreases. An important advantage of a
reflectance method is that it is no longer necessary to maintain a fixed and known
pathlength to measure the ultrasonic properties of the fat. It is therefore easier to
noninvasively retrofit ultrasonic reflectance sensors on existing process equipment
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Fig. 2. Ultrasonic velocity in a commercial milk chocolate sample on cooling. The
speed of sound increases from a low “liquid” value to a high “solid” value as the fat
crystallized. The construction lines show how this curve can be used to measure solid
fat content (see text for details).
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Fig. 3. Ultrasonic reflectance amplitude from the interface between a piece of
Plexiglas and sample of confectionary coating fat during cooling. As the sample crys-
tallized, it became more acoustically similar to the Plexiglas and less sound was
reflected.

where there may be no appropriate pathlength available without extensive machine-
shop work.

Dispersed Fats

The same techniques developed for bulk fats can be equally employed to measure
the crystallization of emulsified oils. In these cases, the experiments tend to be eas-
ier as the contraction of the fat on freezing does not lead to the formation of air
spaces in the sample, but, on the other hand, because a smaller volume of material
is undergoing a phase transition, the magnitude of the signal change, and thus the
precision, is lower.

Figure 4 shows the speed of sound in a 20 wt% emulsified hexadecane sam-
ple. There is a large hysteresis loop with a significant decrease in ultrasonic veloci-
ty at the bulk melting point and a similar increase several degrees below. The hys-
teresis is indicative of the high degree of supercooling frequently observed in fine
emulsions (18). By extrapolating the solid and liquid portions of the lines to get a
value of ¢, or c; at any temperature, it is possible to measure the solid fat content of
the emulsion droplets (Eq. 9).

Analysis of the attenuation of a melting sample of emulsified fat gives some



140 J.N. Coupland

1525 -

1500 -

- —
> >
4] ~J
o (4]

Velocity (ms™)

1425

1400

T T T T L

0 5 10 15 20 25 30
Temperature (°C)
Fig. 4. Speed of sound in a sample of emulsified n-hexadecane (20 wt%). The ultra-

sonic velocity increases on freezing and decreases on melting. Note the large separa-
tion of freezing and melting points due to the extensive supercooling of emulsified fat.

indication of the molecular dynamics of the process. For example, the attenuation
of a moderately concentrated emulsion is low except close to the melting point
when there is also a large attenuation peak (and extensive velocity dispersion) (18).
The pressure—temperature waves of the sound disrupt the solid-liquid equilibrium
at the growing crystal surface, and some of the ultrasonic energy is lost as heat.
The attenuation is strongly frequency-dependent in this temperature region because
only over an intermediate region are the temperature—pressure gradients sufficient-
ly large and persist for a sufficiently iong time that an appreciable amount of mate-
rial is able to undergo an ultrasonically induced phase transition. The excess
absorption (and velocity dispersion) is related to the kinetics of the phase transition
(6) and could be exploited to probe the molecular dynamics of the system.

Crystallization Under Shear

The principles outlined in the above studies constitute the basics of ultrasonic mea-
surements of fat crystallization. We now proceed to an investigation of the effect
of changing model process conditions (shear rate) on fat crystallization behavior.
These studies are facilitated by the relative ease by which ultrasonic sensors could
be applied to a processing operation.

In order to study the effect of known shear on a fluid, it is necessary to control
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the geometry through which deformation occurs and the rate of deformation. This
is commonly achieved in rheometer design, but in order to study the effects of an
applied shear field on a phase transition, it is necessary to-incorporate some other
solids-sensing principle. Garbolino and co-workers (19) constructed a shear
rheometer with ultrasonic sensors to measure the crystallization of bulk and emul-
sified fat under shear illustrated in Figure 5. The ultrasound was transmitted from
the transducer to the sample through a Plexiglas delay line. The ultrasonic part of
the instrument was effectively a modified ultrasonic pulse-echo reflectometer simi-
lar to those described above (10), and the shearing part was the rotating inner
cylinder of a concentric cylinder viscometer.

The results of a typical crystallization experiment for a confectionery coating
fat are shown as Figure 6. The speed of sound in the liquid fat decreased approxi-
mately linearly with decreasing temperature consistent with data reported in the lit-
erature for liquid vegetable oils (13). At the crystallization point, there was a rapid
decrease in signal with the increasing solids content. The onset of crystallization
was seen as a discontinuity in the ultrasonic velocity with respect to temperature

Constant rate driver

Digital storage
oscilloscope @

@ Delay line

/ —® Signal @
Generator
Transducer
<« Programmable
waterbath
B Sample

Fig. 5. Diagram illustrating an ultrasonic instrument designed to measure the speed of
sound in a fluid under known shea: conditions. The design is based on a combination
of a pulse-echo ultrasonic reflectometer and a controlled-strain concentric cylinder
rheometer.
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(shown as arrows in Fig. 6). The temperature of the onset of crystallization
increased with shear rate.

The same apparatus was used to measure the kinetics of emulsion crystalliza-
tion under shear. McClements and co-workers (20) showed that supercooled liquid
n-hexadecane droplets crystallize more rapidly when a population of solid n-hexa-
decane droplets are present. They hypothesized that a collision between a solid and
liquid droplet could be sufficient to act as a nucleation event in the liquid. The fre-
quency of collisions increases with the intensity of applied shear field, and hence
shearing should increase the crystallization rate. A 50:50 mixture of solid and lig-
uid n-hexadecane emulsion droplets was stored at 6 + —0.01°C in a water bath (i.e.,
between the melting points and freezing points of emulsified n-hexadecane). A
constant shear rate (0-200 s~!) was applied to the emulsion in the shear cell, and
ultrasonic velocities were determined as a function of time. The change in speed of
sound was used to calculate the percentage solids in the system (Fig. 7).
Surprisingly, there was no clear effect of increased shear rate. This could either be
because increase in collision rate was relatively modest for the small particles used
(in the order of 30% at the fastest rate) or because the time the interacting droplets
remain in proximity is not affected by the applied shear.
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Fig. 6. Speed of sound during cooling of a sample of confectionary coating fat at a
shear rate of 0 (O0) or 100 s~ ().
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Fig. 7. Crystallization kinetics of mixtures 10 wt% liquid n-hexadecane emulsion
droplets in the presence of 10 wt% solid n-hexadecane emulsion droplets at 6°C.
Measurements were conducted at a shear rate of 100 s-1,

The Future

Ultrasonic methods are perhaps the best tools available for studying fat crystalliza-
tion under certain circumstances. They surpass the precision available with NMR,
yet the experimental operation is as simple and the equipment costs are lower.
Uniquely, ultrasonic sensors can be readily applied on-line with little cost in preci-
sion and, particularly using the new reflectance approach, minimal modification of
existing process equipment.

The question remains: Why is this powerful method still seen as esoteric? The
techniques discussed in this paper are largely based on 15-yr-old science. Many of
the applications are new, and advances in electronics have made the experimental
protocols easier, but still ultrasonic techniques have not been widely adopted. At
least part of the answer is the home-made nature of much ultrasonic equipment
means developing a method requires a significant time and monetary investment
from an individual researcher.

Another reason is that ultrasound remains underappreciated. The scientific lit-
erature of 30 yr ago is full of hopeful arguments on the superiority of NMR to the
then-preferred solid fats methods. Ultrasonics is in a similar position now. Wider
acceptance and use of ultrasound will allow better study of the processes of lipid
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crystallization. It will only come about with concerted action between respected
professional groups (most usefully the AOCS), to establish protocols, and instru-
ment manufacturers, to make easy-to-use instruments.

Ultrasound offers more to the lipid chemist than simple determination of solid fat
content. By considering the frequency-dependency of the acoustic signals, it is possi-
ble to resolve many other aspects of crystallization. For example, McClements (18)
convincingly argues that the attenuation peak seen in melting fat droplets is due to
molecular relaxation at the solid surface, but there have been no subsequent efforts to
use the relaxation time to characterize how fat melts. Another intriguing omission
from current literature is that no studies have considered scattering of sound to be a
solid-in-liquid fat dispersion. As well as relaxations due to physicochemical reactions,
dispersed systems may scatter sound in a size-number-frequency-dependent manner.
Measurement of a scattering profile has been successfully used to size emulsion
droplets, but there has been no real effort to use ultrasonic spectroscopy to measure
the size and microstructure of semi-solid fats.

I encourage lipid chemists to invest the resources to develop ultrasonic measure-
ment methods. Existing technology can compete with existing solid fat measurement
methods, and new theoretical developments offer the promise of much more.
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Chapter 12

Solid Fat Index vs. Solid Fat Content: A Comparison of
Dilatometry and Pulsed Nuclear Magnetic Resonance
for Solids in Hydrogenated Soybean Oil

G.R. List, K.R. Steidley, D. Palmquist, and R.O. Adlof

Food Quality and Safety Research, National Center for Agricultural Utilization, ARS, USDA,
1815 N. University St., Peoria, IL 61604

Introduction

The determination of solid fats is one of the most important tests employed by the
edible oil industry. Historically the SFI introduced in the 1940s has been replaced
by NMR methods now referred to as SFC (1-19). We report here a comparison of
solid fat determinations based on official AOCS methods using dilatometry and
pulsed NMR (1).

Experimental Procedures

SFI determinations were conducted according to the official AOCS method at tem-
peratures of 10, 21.1, 26.7, 33.3, and 40°C. SFC was determined by pulsed NMR
according to the official AOCS method at the aforementioned temperatures. The
instrument was a Bruker Minispec (Bruker Instrument Company, Toronto,
Ontario, Canada).

The margarine/spread oils were isolated by heating the formulated products in
a microwave oven for a short time, followed by centrifugation. The margarine
[iodine value (IV) 69] and shortening (IV 83) basestocks were commercially pre-
pared products supplied by C&T Refinery (Charlotte, NC). Simulated margarine
oils were prepared by blending 40% IV 69 hydrogenated basestock with 60%
unhydrogenated, refined, bleached, and deodorized soybean salad oil (C&T
Refinery). The emulsifiers used in this study were fluid lecithin (Lucas Meyer,
Decatur, IL), mixed mono and diglycerides (Eastman Kodak, Rochester, NY), and
sunflower oil monoglycerides (Archer Daniels Midland, Decatur, IL).

Results and Discussion

The study focused on four types of samples formulated from hydrogenated and lig-
uid soybean oil: (i) margarine/spread oils isolated from commercially formulated
products, (ii) commercially hydrogenated margarine (IV 69) and shortening (IV
83) basestocks, (iii) margarine/spread oils formulated in the laboratory by blending
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the IV 69 soybean oil with additional liquid soybean oil, and (iv) margarine/spread
oils containing added emulsifiers, i.e., lecithin, mono/diglyceride, monoglycerides.
Results are presented in Tables 14, respectively. Data given in Tables 1-3 show that
solid content at 10°C is consistently higher by NMR than by dilatometry, which is in
agreement with other studies (15,19). In general, measurements made at 21.1-40.0°C
are in closer agreement by both methods. The effects of emulsifiers on the dilatomet-
ric method were investigated, and the results are shown in Table 4. Although the rela-
tive concentrations of emulsifiers had little, if any, effect on SFI values, their presence
has a tendency to yield higher SFI values at all temperatures compared to the control
not receiving added emulsifiers. However, these differences are not statistically signif-
icant. The observation that emulsifiers can be a source of errors in SFI measurements
has been attributed to migration of the indicator from the oil interface within the
dilatometer tube (2).

Statistics

A statistical summary comparing the dilatometric—SFI and (NMR methods is
shown in Table 5 where standard deviations at 5 temperatures (10—40°C) are

TABLE 1
Solid Fat Content? of Commercial Margarine Spread Oils by Dilatometry (SFI) and
Pulsed NMR (SFC)?

Solid fat at temperature (°C)

10.0 2141 26.7 33.3 40.0

Sample SFI SFC SFI SFC SFI SFC SF SFC SFI SFC
1 9.9 121 5.4 5.0 3.9 3.4 1.9 1.2 0.3 0.1
2 9.7 12.7 5.1 5.4 3.8 3.9 2.0 1.7 0.6 0.5
3 8.3 10.4 5.2 5.5 3.8 3.7 2.3 1.6 0.5 0.2
4 8.7 11.0 5.2 5.5 3.9 3.5 1.9 0.9 0.4 0.2
5 11.3 14.7 6.3 6.5 3.9 3.9 1.5 1.1 0.0 0.0
6 9.0 10.7 5.5 5.2 4.0 3.9 2.2 1.3 0.5 0.4
7 9.7 12.8 4.4 5.0 2.8 3.1 1.4 1.2 0.0 0.0
8 13.9 18.1 8.0 8.8 4.8 5.1 0.9 0.8 0.0 00
9 13.5 18.0 7.5 8.3 4.7 4.8 1.0 0.9 00 0.0
10 25.1 335 13.0 14.6 7.8 8.2 1.7 1.5 0.6 00
11 20.1 26.3 10.6 121 7.4 6.8 3.0 2.7 0.0 00
12 19.6 26.4 10.2 11.3 5.2 6.0 0.3 0.4 00 0.0
13 15.0 20.7 8.0 9.2 5.0 5.4 2.5 21 0.2 0.0
14 19.5 249 9.8 10.2 5.9 5.2 1.6 0.9 0.1 0.0
15 19.6 24.9 12.4 13.0 8.6 8.5 3.0 2.3 0.1 0.0
16 211 27.4 12.2 13.1 7.8 7.8 2.2 1.6 0.0 0.1
17 21.7 27.8 12.2 13.5 8.4 8.8 2.9 2.6 0.0 0.0

4Means of triplicates—three different days.
5SF1 by AOCS Method Cd 10-57, SFC by AOCS Method Cd 16-81 (Ref. 1). SF, solid fat index; NMR, nuclear
magnetic resonance; SFC, solid fat content.



TABLE 2

SFC and Shortening Basestocks by Dilatometry (SFI) and Pulsed NMR (SFC)

Solid fat? at Temperature (°C)

33.3 40.0
oilb SFl SFI SFC SFI SFC SFI SFC
Margarine 59.1£1.1 737203 465+13 54103 405+09 447+03 22.1x08 223+£00 32x03 33x0.1
Shortening 26510 363+01 117205 13.7+0.5 41+03 46+02 0.0+0.5 0.0+01 00x06 00z£00

aMeans of triplicates—SFI by AOCS Method Cd 10-57, SFC by AOCS Method Cd 16-81 (Ref. 1).

bHydrogenated soybean oil. See Table 1 for abbreviations.

TABLE 3

SFC of Blends of Margarine Basestocks and Liquid Soybean Qil by Dilatometry (SFl) and Pulsed NMR (SFC)?

Solid fat? at temperature (°C)

% Hyd. oil % Lig. oil SFI SFC SFI SFC SFI SFC SFI SFC SFI SFC
5 95 0.5 1.4 0.1 0.4 0.0 0.2 0.0 0.0 0.0 0.0

10 90 29 4.6 1.0 1.2 0.0 0.3 0.0 0.0 0.0 0.0

15 85 5.4 7.8 2.4 2.7 0.7 1.0 0.0 0.3 0.0 0.0

20 80 7.8 10.8 4.1 4.4 1.5 2.1 0.0 0.0 0.0 0.0

25 75 10.5 14.0 5.7 6.7 2.9 3.4 0.6 05 0.0 0.0
30 70 13.7 17.2 7.9 8.6 4.5 5.0 0.9 1.0 0.0 0.0
40 60 19.4 24.2 12.3 13.4 8.2 8.8 2.4 2.8 0.0 0.0
50 50 25.5 315 17.2 19.0 12.5 13.3 4.4 4.0 0.0 0.0

2SF| by AOCS Method Cd 10-57, SFC by AOCS Method Cd 16-81 (Ref. 1). See Table 1 for abbreviations.
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TABLE 4
Effect of Emulsifiers on SFI Values by Dilatometry? (Simulated Margarine Oil—40% Margarine Basestock/60% Soybean Oil)

Solid fat? at temperature (°C)

Emulsifier? Conc. % 10.0 21.1 26.7 333 40.0
None/Control 0 18.6 £ 0.1 1M1x1.2 8.0x0.3 2200 00x03
Lecithin 0.1 19.8 £0.2 12.7£0.2 8.7+0.3 26+0.2 0.0+£04
Lecithin 0.2 19.8+0.4 124 0.2 8.6 +0.4 2.5+£0.5 0.0=z06
Lecithin 0.3 19.4+0.3 12204 83+0.5 24+04 00+04
Mono/diglycerides 0.1 19.4 0.6 12.3+03 8.2 £0.1 23:03 0.0x0.2
Mono/diglycerides 0.2 203+04 126 £0.2 8.6+02 2404 0003
Mono/diglycerides 0.3 19.5 0.6 120+ 0.6 82=+03 26+03 0.0+03
Lecithin/mono/digly. 0.1 19.5 £ 0.1 12.4 £ 0.1 8.4+03 24+0.1 0.0+03
Lecithin/mono/digly. 0.2 19.2£0.6 123 +£03 8.3=x06 22+05 0.0+03
Lecithin/mono/digly. 0.3 196 £1.0 12305 8507 25+04 0007
Monoglycerides 0.3 19.6 + 0.4 122+03 85x02 25+02 0.0+0.3
Monoglycerides 0.4 195+1.0 123 +0.5 8505 2.3zx0.1 0001
Monoglycerides 0.5 19.1+£03 12.0£ 0.1 8.1+02 2.1+0.1 00+04

JUWIO?) 1B PIOS "SA XIpU] 8] PIOS

Triplicate determination, AOCS Method Cd 10-57 (Ref. 1).
bLecithin fluid, Myverol mono/diglycerides, monoglycerides distilled from sunflower.

(34}



TABLE 5

Statistical Evaluation of SFI and SFC Data?

Standard deviation range

Temperature (°C)
Sample Method 10.0 21.1 26.7 333 40.0 Equations for SFI/SFC correlation R
Commercial spreads SF 0.0-1.1  0.1-0.8 0.1-0.4 0.1-0.5 0.0-08 SFI=1.98+0.72*SFC - 0.035*Temp 0.98**
SFC 0.1-0.5 0.1-09 0.0-1.9 0.1-04 0.1-03
Basestocks SFI 1.0-1.1  0.5-21 0.3-0.9 0.5-08 03-06 SFI=-40.94 + 1.22*SFC + 1.03*Temp 0.99**
SFC 0.1-03 0.1-05 0.2-0.3 0.0-03 0.1-0.2
Blends SFI 0.1-1.1  0.1-1.2 0.0-08 0.1-04 0.1-05 SFI=-0.94 + 0.82*SFC + 0.02*Temp + 0.02*%  0.99**
(basestocks/liquid oil) SFC 0.0-05 0005 0007 0004 0105

2See Table 1 for abbreviations.
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given. In general, the accuracy of the methods is equivalent, and standard devia-
tions for each method fall within the ranges reported in the official AOCS meth-
ods. Equations are given for converting SFC data to SFI data, and the correlation
coefficients of 0.98-0.99 are highly significant.
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Chapter 13

Elasticity of Fractal Aggregate Networks: Mechanical
Arguments

Alejandro G. Marangoni and Suresh S. Narine

Center for Food and Soft Materials Science, University of Guelph, c/o Department of Food
Science, Guelph, ON N1G 2W1, Canada

Introduction

The structural network of many soft viscoelastic materials of industrial interest is
the product of an aggregation process of molecules into particles and of particles
into increasingly larger clusters, until a space-filling three-dimensional network is
formed (Fig. 1). Macroscopic properties such as hardness, opacity, and structural
stability are directly influenced by this underlying network. Of particular impor-
tance is the relationship between network structure and elastic properties.
Mathematical formulations for the relationship of the elastic modulus of an aggre-
gate network to the amount and spatial distribution of network mass have been

Macroscopic
Properties

A

Network

Flocs

Conditions

Primary particles

Fig. 1. Structural hierar-
Molecules chy of a particulate
aggregate network.
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developed using fractal scaling relationships (1-10). However, elasticity is not
solely influenced by the amount and spatial distribution of network mass, but also
by particle properties, including size, shape, mechanical properties, and particle-
particle interactions (5,7-9). A general and exact formulation for the relationship
between the elastic modulus and the amount of solid material in an aggregate net-
work, considering both particle properties and their spatial distribution in the net-
work, is therefore required.

Early developments of a theory to explain the elastic properties of colloidal gels
were carried out by W.D. Brown and R.C. Ball at Cambridge (1). Brown and Ball
formulated a power-law relationship of the shear elastic modulus (G) to the volume
fraction of network mass (@), namely G ~ ®*, where U was related to the mechanism
of particle aggregation, which ultimately determines the final spatial distribution of
network mass. This formulation was subsequently verified experimentally, and the
theory further developed by other groups (3-5,7). In 1990, Shih et al. (6) outlined the
development of a scaling theory to explain the elastic properties of colloidal gels by
again considering the structure of the gel network, like their predecessors did, as a
collection of close-packed fractal flocs of colloidal particles (Fig. 2). However, these
authors also defined two separate rheological regimes, depending on the relative
strength of the interfloc links vis-a-vis that of the flocs. Their formulation of the
strong-link regime (applicable at low-volume fractions), where the flocs yield under
an applied stress, was identical to that of Brown and Ball. Their formulation of the
weak-link regime (applicable at high-volume fractions), where the interfloc links
yield under an applied stress, differed from that suggested by Brown and Ball. The
main objectives of the above-mentioned studies were to explore the influence of spa-
tial distribution of network mass on elastic properties and to infer a particle aggrega-
tion mechanism responsible for network formation. However, the elastic properties of
such materials are not solely influenced by the amount and spatial distribution of net-
work mass, but also by particle properties, including size, shape, mechanical proper-
ties, and particle-particle interactions (5,7-9). A general and exact formulation for the
relationship between the G and the volume fraction of gel network material, consider-
ing both particle properties and their spatial distribution within the network, is there-
fore required. In this letter we develop such a model, maintaining consistency with
the models developed by Shih et al. (1).

Model

In this treatment we will consider the case where spherical particles are distributed
in an aperiodic, fractal fashion within flocs. These flocs form chains which pack in
a space-filling (close-packed), periodic fashion, forming a three-dimensional net-
work. The volume fraction of particles in the network (®) is given by:

V,N,N,N,

v (1]
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Fractal Floc

Particle Fig. 2. Putative micro-

structure of a fractal
colloidal aggregate net-
work.

where V_is the volume of an individual particle, N, is the number of particles in a
floc, N, is the total number of chains of flocs in the system, N, is the number of
flocs per chain, and V is the volume of the network. The number of particles in a

floc scales as (5):
é D
N, ~ (a) [2]

where & is the diameter of the flocs, a is the diameter of the particles within the
floc, and D is the fractal dimension for the arrangement of particles within the floc.
The volume fraction of particles within the floc (d>§) is therefore given by:

D-d
NV, (&
PN, (a) Bl

where N is the number of available embedding space elements within the floc
(N;(F,/a)d), V, is the volume of an element of embedding space, and d is the
Euclidean dimension. In this treatment we have assumed that the volume of a parti-



156 A.G. Marangoni and S.5. Narine

cle volume is equal to the volume of an element of embedding space, namely V_ =
V.. Thus, the diameter of the flocs varies with the volume fraction of particles
within the floc as:

d
£~ a®, b [4]

Flocs pack in a space-filling, Euclidean fashion; hence, at the floc level of struc-
ture, the material can be considered as an orthodox amorphous substance. Within
the flocs, however, particles pack in a non-Euclidean, fractal fashion. For such a
structural arrangement, the volume fraction of particles in a floc (®;) is equivalent
to the volume fraction of particles in the entire system (@), namely d>§ = @, This
well-known relation of polymer physics (11) has been experimentally shown to
also apply to colloidal aggregates above their gelation threshold (12).

For a one-dimensional compression, where the flocs deform under an applied
stress (strong-link regime), the Young’s modulus of the system (€) is equal to € =
(1/3)N g, where g, corresponds to the Young’s modulus of a chain of flocs.
Moreover, the Young’s modulus of a chain of flocs, where the flocs correspond to
springs, is given by €, = €./N,, where € is the Young’s modulus of an individual
floc (spring), and N, is the number of flocs (springs) per chain. For spherical parti-
cles within a fracta% floc, an expression for the G of the system can be obtained
considering Equations 1, 2, and 4, namely:

2VE, -
g 52 ®4-D [5]
a Nf

E ~

In this treatment, we will consider a square network of volume L3. The area of one
floc face scales as &2, and the number of flocs per chain (N ) is approximated by
L/E. Also, the Young’s modulus of the flocs is related to the corresponding force
constant of the flocs by €, = k.E/A,, where A, corresponds to the area of a floc face
upon which the force is applied (Ag ~ £2). Considering the above in light of
Equations 4 and 5, the G of the system in the strong-link regime can then be
expressed as:

d
k&L ip

6
. [6]

The elastic properties of a fractal floc are dependent on the elasticity of the effec-
tive backbone for stress transduction (6,10). This tortuous chain of particles serves
as a pathway for the transduction of stress across the floc. Shih ef al. (6) used an
expression for the force constant of a long chain of springs derived by Kantor and
Webmann (13) in their theoretical development of the strong-link rheological
regime of colloidal gels. The force constant of an infinitely long chain of particles
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(k,) where only bending of bonds (springs) between particles is allowed, i.e., no
bond stretching allowed, has the form:

B.
ko=——a3 [71
NbbS L

where B, is the bending elastic energy of the chain, N,, is the number of springs
per chain, and Sf is the radius of gyration of the projection of the chain nodes in
the (Force X (normal displacement) plane.

Shih er al. (1) proposed that this expression could be used to represent the
force constant of an entire fractal floc. The assumption made is that the elastic
properties of the floc are given by an effective backbone of stress transduction—a
tortuous long chain of particles within the floc. Shih et al. (1) thus modified Kantor
and Webman’s expression, making the substitutions B, = Bi’ Ny, ~ (&/a)*, and S =

€, to:

P (8]

C)e

where B, is the bending elastic energy of the backbone, & is the diameter of the floc,
and x is the tortuosity, or chemical length exponent, of the effective backbone (1< x <2).
By combining Equations 4 and 8 and introducing them into Equation 6, one obtains an
expression for the Young’s modulus of the network in the strong-link regime:

2B,L X
Eqgr ™~ Wq) [9]

The main assumption made in this treatment is that the number of particles belong-
ing to the effective backbone of stress transduction remains constant within the
range of volume fractions studied.

For a one-dimensional compression, where the links between flocs deform
under an applied stress (weak-link regime), it can be easily shown that the Young’s
modulus of the network is given by:

1

2deaL q)dTE [10]

£ ~
WLR a {:2

where k; corresponds to the force constant of the inter-floc links, and d,, corre-
sponds to the interfloc separation distance in the absence of an applied stress.

The expressions derived above for the weak and strong-link regimes are valid
only in the region of particle volume fractions where & remains approximately con-
stant.
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The power of the theory developed by Shih ez al. (1) lies in the fact that it is
possible to experimentally determine if a system is in the strong- or weak-link. The
strain at the limit of linearity increases as a function of the volume fraction of net-
work material for the weak-link regime while it decreases for the strong-link
regime. Below we derive expressions for the relationship between the strain at the
limit of linearity and network material volume fraction.

The macroscopic strain on the network is given by:

F
=— 11
Y= [11]

where F, A, and € correspond, respectively, to the force, area, and Young’s modu-
lus of the network. It is straightforward to show that:

F FE
o= 6_2 [12]

where F_ is the force exerted on a chain of fractal flocs, which is equal to the force
exerted on the springs within this chain of fractal flocs. This force would be trans-
duced via deformation of interfloc links (weak-link regime) or by deformation of
the flocs themselves (strong-link regime). By combining Equations 11 and 12,
introducing the final expressions for the G in the strong- or weak-link rheological
regimes and setting F, = 1 as the force at the limit of linearity, the following
expressions are obtained for the relationship between the strain at the limit of lin-
earity (y,) and the volume fraction of network material:

(1+x)

ma&
¥,(SLR) ~ d 4D {13]
2B.L
i
71'52 d-D
v, (WLR) T 5 doaL¢ [14]

Thus, the strain at limit of linearity decreases as a function of increasing volume
fraction of solids for networks in the strong-link regime, while it increases for net-
works in the weak-link regime.

In conclusion, exact relationships between the Young’s modulus and the
microstructure of particulate aggregate networks have been obtained. The elastic
properties of such materials are a function of the total amount of solid material pre-
sent, the properties of the particles which make up the solid, and the spatial distrib-
ution of solid particles within the network. This model can be utilized to better
understand and modify the macroscopic rheological properties of soft materials
and fat crystal networks in particular.
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Chapter 14
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Introduction
Interactions Between Solid and Liquid Triglycerides

Interactions between lipid crystals and liquids are very important industrially.
Critical interactions can occur over the short term during the manufacture of a
product, and control of these is vital in producing a desired product. However
longer-term interactions over the lifetime of a product can lead to a severe loss in
its quality.

A particular problem is the phenomenon of chocolate bloom. This is caused
by an unwanted polymorphic change of the crystals of cocoa butter from Form V
to Form VI (1,2). Mechanisms for this polymorphic transformation are currently
being developed by various authors (3,4). The transformation causes a loss of
gloss and a subsequent graying of the chocolate’s surface (5). While this process
does exist in solid chocolate bars and other “chocolate only” products, the problem
is exacerbated by the presence of an oily filling (e.g., praline, nut, or truffle) in a
chocolate product (6). This is because the polymorphic transformation appears to
be via the liquid phase (7). Thus the migration of the oil from the filling through
the chocolate and its interaction with the fat crystals are critical to the process.
This behavior in chocolate systems has been characterized by Ziegleder et al.
(8-10). However there has been little attempt to monitor oil migration and crys-
tal-liquid interactions in pure systems, and thereby to determine the underlying
mechanisms fundamental to the process.

In order to monitor the interactions of fats in pure systems, it is necessary to
find species that can be easily handled and analyzed. One possible technique is by
the use of microscopy and fluorescence-labeled species. However, this leads to the
problem of the behavior of the large chemically distinct fluorescent tails that must
be added to the molecules in order to detect them. Another way of detecting mole-
cules is by radiolabeling and radiodetection. This technique has the advantage that
the labeled molecules are chemically identical to the unlabeled ones, therefore,
unwanted artifacts should not be present.

160



Technique to Measure Lipid Crystals/Oils Exchange 161

Experimental Development

An experimental set-up was devised that allows for the monitoring of interactions
between liquid oils and solid fat crystals. A saturated solution of !“C labeled
triglyceride oil is added to a controlled amount of triglyceride crystals. There is
then an exchange between the radiolabeled triglyceride in the solution and the
triglyceride from the crystals (Fig. 1). Because only the triglyceride in the original
solution is radiolabeled by measurement of the change in radioactivity of the solu-
tion with time, it is possible to measure the rate of interaction of the oil and fat.
Thus the rate of interaction between the two phases can be determined. The experi-
mental plan is illustrated schematically in Figure 2. It can be used to monitor inter-
actions between any liquid and solid triglyceride.

As a first experiment, it was decided to measure the interaction of liquid and
B-tripalmitin in a medium-chain triglyceride (MCT) oil.

Materials and Methods

Materials

Lipid Crystals. Tripalmitin (>99% pure) (PPP; obtained from Sigma Chemical Co.,
Stockholm, Sweden) was used. Crystals were recrystallized in hexane to give well-
characterized B-crystals. Their surface area was measured by Brunauer, Emmett, and
Teller analysis to be 2.077 m%/g.

Oil. MCT oil (supplied by Karlshamns AB, Karlshamn, Sweden) was used.

Radiolabeled Fats. Radiolabeled PPP (14C-PPP obtained from American Radio
Chemicals, St. Louis, MO) was used as probe.

Organic Solvents. Analytical-grade hexane was used for recrystallization of PPP
crystals and also as part of the mobile phase of the radiodetector. It was mixed with
Ultima-Flo AP (supplied by Packard Instruments, Meriden, CT) in the radiodetector.

Methods

14C.Detector. A Packard Radiomatic 150TR !4C-radiodetector (Packard
Instruments, Meriden, CT) was used for detection of the radiolabeled compounds.

Preparation of the Saturated MCT Oil with '*C-Labeled PPP. Oversaturated
solutions of '“C-PPP in MCT oil (20 mL) were prepared by adding an excess
amount of '“C-PPP (supplied in organic solvents) to the oil. The organic solvents
were then vaporized over several hours, and the dispersion of !“C-PPP crystals in
MCT oil was centrifuged for about 30 min. The upper phase was then removed and
used as the liquid phase in the experiments. Saturated solutions of 4C-PPP in
MCT oil were prepared at temperatures from 7 to 25°C.
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Fig. 1. Exchange between labeled triglyceride molecules in solution and unlabeled
triglyceride molecules in the crystals. ©, a labeled molecule and @, a labeled molecule.
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14C-labeled PPP

Removal of upper phase

G ey

Removing Samples Centrifugation Analyzing
It

. . U

Fig. 2. Schematic representation of the experimental plan. PPP, tripalmitin. MCT,
medium-chain triglyceride.

Temperated
Dispersion

Experimental Procedure. A dispersion of fat crystals in oil was obtained by adding 5
mL of the preprepared oil solution (saturated by “C-PPP, as above).to a controlled
amount of unlabeled PPP crystals (either 10 or 20 mg). The polymorphic form of the
PPP crystals was determined to be B [from differential scanning calorimetry (DSC)].
The dispersion was gently agitated and the temperature controlled at the temperature
of interest. At regular intervals, a sample (150 pL) of the dispersion was removed and
centrifuged. The clear upper phase of this sample was then analyzed by the detector,
and so the residual 14C-PPP in the oil at that time was measured. The method is further
described in a previous paper.

Discussion
Results

For the experiments performed at 25°C, the results are shown in Figure 3. The loss
in intensity of the signal corresponds to depletion of the radiolabeled PPP in solu-
tion as it is exchanged with unlabeled PPP in the crystals. It should be noted that as
the solution is saturated the concentration of PPP (labeled plus unlabeled) in solu-
tion is unchanged at any time. Doubling the concentration of PPP crystals, there-
fore doubling the surface area, doubles the rate of reaction.

Figure 4 shows the behavior at temperatures from 7 to 25°C. In this case the
decay has been normalized. This is to account for the different concentrations of
PPP in the oil in each case. Different concentrations are required because of the
difference in concentration required for saturation in each case. In all cases the
shape of the curve is very similar, revealing that the same mechanisms are occur-
ring at all temperatures measured.
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Fig. 3. Change in the solution concentration of radiolabeled PPP with time. See Figure
2 for abbreviation.

Calculations

The exchange reaction is defined as follows:

k
1
(PPPligig <= [PPPl (1)
k2
=
£
(=™
&
x
[-™
a.
= . S — Time (h)
— . — - SR
? 20 mg crystals | 40 mg crystals
-0.5

Fig. 4. Analysis of the results at 25°C. Plot of Ln ([PPP*] t,/[PPP*] t,) against time.
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where [PPP]liquid is concentration of tripalmitin in the liquid. Both the forward and
reverse reactions are first-order. The total volume of the system and its crystal content
are constant. From Figure 3 the mass transfer is proportional to the concentration of
PPP, with the proportionality constant k. The overall rate of reaction has two contribu-
tions. It is depleted by the forward reaction at a rate v, = k,. [PPP], but is replenished
by the reverse reaction at a rate v, = k,. [PPP, with v, and v, being equal at equilibri-
um. The overall rate of the loss of 4C-labeled PPP, [PPP*], is defined as Equation 2.

d[PPPjiguig

dt = =k [PPP*}quiq + 52 [PPP*] 4 f2]

In the first few hours the concentration of 14C-PPP in the solid is very low. Thus
the rate of dissolving of the labeled [PPP*]solid (reverse reaction) can be assumed
to be neglected.

d[PP 1:,]liquid

dt = =k [PPP*Jji009 + ko [PPP*] 009 Bl

In order to determine the variation of the exchange rate with time, integration is
required.

d[PPP*],. . F
J‘ ]llquId — _J'k - dt [4]
{PPP} [PPP*]hquld t
which gives:
[PPP*],
Ln——>=—k-(t, - 1)) (51
[PPP*],

The first-order rate law for the exchange reaction can then be described by:

[PPP*],
e
f o PP [6]
t

Equation 6 shows that in order to measure the exchange rate one should plot Ln
([PPP*] ¢,/[PPP*] ¢,) against time and measure the gradient (-k), as in Figure 5.
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Fig. 5. Change in the solution concentration of radiolabeled PPP with time for 20 mg
crystals from 7 to 25°C, * 7°C, B 12°C, 0 17 and 25°C. See Figure 2 for abbreviation.

The mechanism of the exchange reaction can thus be deduced. PPP from the
crystals is dissolving and diffusing from the surfaces into the oil. At the same time,
the dissolved '4C-PPP in the oil is diffusing toward the surface of the crystal and
recrystallizing in the crystals. The total concentration of PPP plus 4C-PPP in the
oil remains constant (note that the solution is always saturated). However the
amount of dissolved 4C-PPP in the dispersion decreases constantly. If we assumed
that the exchange rate is constant, the rate of loss of 4C-PPP should be directly
proportional to the 1#C-PPP concentration in solution.

The overall flow rate of the exchange reaction is dependent upon the rate of the
dissolution of the solid material along with the rate of diffusion and crystallization of
the dissolved PPP into the crystals. Analysis of the results at the other temperatures
shows similar results, showing the same mechanism within this temperature range.

Summary

A method has been developed that allows for the measurement of interactions
between liquid and solid lipids. This is potentially a very powerful technique that
allows for the monitoring of many transformations and exchange processes. Typical
processes include crystallization and solid-liquid exchange. The use of the technique
on exchange processes, such as occur in fat-bloom, has been demonstrated.

It has been shown that the interaction between solid and liquid PPP depends
upon the diffusion of PPP in the liquid. This gives us information as to the
exchange process in fats and starts to suggest the mechanisms that may be respon-
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sible for fat-bloom in chocolate. Further research is necessary, but the importance
of the speed of diffusion of the liquid oil must be considered. Further work using
this technique should enable further elucidation of the mechanisms behind fat-
bloom formation in chocolates containing oils.
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Introduction

Sugar fatty acid monoesters are a class of biodegradable, nonionic surfactants,
which are widely used in the food industry, cosmetics, and medical fields (1,2).
Compared to classical surfactants, they have some advantages because they are
tasteless, odorless, nontoxic, and nonirritant and are stable over a broad range of
pH. A wide variety of structures are available by synthesis from inexpensive
renewable materials. Much attention has focused on the synthesis of sugar fatty
acid monoesters by enzymatic catalysis because of high regioselectivity encoun-
tered with biocatalysts and low energy consumption (for reviews see Refs. 3, 4).
Enzymatic reactions in organic synthesis are mostly performed using rather
expensive activated esters (e.g., vinyl acetate) or modified sugars, allowing for an
irreversible and/or rapid synthesis. Theoretically, sugar esters can be obtained by
esterification/transesterification between a 'sugar and a cheap acyl donor such as
free fatty acids or simple derivatives (e.g., methyl or ethyl esters). Accordingly,
different processes for preparing mono- and disaccharide fatty acid monoesters
with high regioselectivities and without requirement for laborious protection have
been developed (5-13). In such a case, efficient removal of by-products (water,
methanol, or ethanol) as well as crystallization of the product must be ensured to
drive the reaction to completion at reasonable reaction times (14). However, the
literature shows that relatively little attention has been paid to practical difficulties,
e.g., how to efficiently remove the reaction water and the products from the sol-
vent medium in the production of sugar fatty acid esters. Water removal from
organic solvents on a large scale is quite difficult because the boiling point of
organic solvent is usually lower than that of water. Recently, Gemert and Wilhelm
(15) reported an enzymatically catalyzed process in which the reaction water
formed was continuously removed through a nonporous, water-permeable mem-
brane on which the enzyme was immobilized. However, in the process of solid-
phase synthesis of sugar fatty acid esters, the membrane surface should not come

168



Synthesis of Sugar Fatty Acid Monoesters 169

into direct contact with the solid particles because the membrane might be dam-
aged.

The purpose of the present work was to develop a practical process for the synthe-
sis of sugar fatty acid monoesters derived from sugar and free fatty acids.

Materials and Methods

Enzymes, Membrane, and Chemicals

Chirazyme® L-2 (E.C. 3.1.1.3 immobilized lipase B from Candida antarctica) was a
gift from Roche Diagnostics GmbH (Penzberg, Germany). Novozyme® 435 (E.C.
3.1.1.3 immobilized lipase from C. antarctica) was provided by Novo Nordisk A/S
(Bagsveard, Denmark). Pervap® 2200 membrane was donated by Sulzer Chemtech
GmbH (Neunkirchen, Germany). Palmitic, stearic, and caprylic acids were obtained
from Henkel KGaA (Diisseldorf, Germany). All other chemicals were purchased from
Fluka (Buchs, Switzerland).

Apparatus

A diagram of the apparatus is shown in Figure 1. A membrane reactor (containing
the Pervap® 2200 membrane) with an area of 23 cm? was purchased from the
Jillich Forschung GmbH (Jiilich, Germany). Temperature was maintained by circu-

1 2

FIG. 1. Lipase-catalyzed esterification for the production of sugar fatty acid esters in a
stirred-tank membrane reactor. 1, pump; 2, water bath; 3, membrane reactor; 4, con-
denser; 5, permeate container; 6, vacuum pump.
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lating heated water. Before starting the reaction, the permeate container was cooled
to —8°C using a thermostator.

Procedure for the Lipase-Catalyzed Esterification

The reaction mixture consisted of equimolar amounts of sugar and fatty acid (usu-
ally 0.5 mmol) in a solvent mixture of ethyl methylketone (EMK) and hexane (1-2
weight equivalents of substrates) serving as adjuvants. The reaction mixture was
incubated in the membrane reactor (Fig. 1) and agitated by a magnetic bar (650
rpm). The reaction temperature was kept at 59°C. At this temperature, the
azeotropic mixture (b.p. 56°C) of EMK, hexane, and water produced during esteri-
fication was vaporized. This gaseous mixture came in contact with the membrane
Pervap® 2200 and water vapor passed through the membrane, leading to a break
of the azeotrope. EMK and hexane vapor became liquid and returned to the reac-
tion medium.

Results and Discussion

Continuous Removal of By-Product in the Solid-Phase Synthesis
of Sugar Fatty Acid Monoesters

To facilitate complete removal of by-product water/methanol, our initial experi-
ments were performed in vacuo using a solvent-free mixture of fatty acid/fatty acid
methyl ester and glucose at 60°C using Novozyme® SP 435 as a catalyst. We
found that the reaction kinetics under these solvent-free conditions were very poor,
even when 5-10% glucose fatty acid ester was initially added to increase the con-
tact interface of both substrates, apparently due to low miscibility of the reactants.
We successfully minimized this problem by adding a small amount of an organic
solvent (tert-butanol or acetone) which partially dissolves the sugar and completely
dissolves the fatty acid; thereby creating a catalytic liquid phase (8). In the solid-
phase synthesis of sugar fatty acid esters, optimal conversion is obtained by
removal of water liberated during esterification by azeotropic distillation. This
requires that the water form an azeotrope with the solvent, followed by water
recovery using membrane pervaporation (a membrane surface in contact with only
with azeotrope) and returning the solvent to the reaction medium. Crucial for suc-
cess is a suitable organic solvent which should (i) be nontoxic and cheap; (ii) dis-
solve enough substrate to carry out the reaction, but the product solubility should
be low enough to favor crystallization and so prevent reversible reactions (iii) form
an azeotrope with reaction water; and (iv) not affect the enzyme activity or stabili-
ty. Only very few solvents meet most of these criteria. We found EMK or a mix-
ture of EMK and hexane to be useful for the production of sugar fatty acid esters,
because both solvents meet all criteria listed above and are allowed for use in the
manufacture of foods by German authorities (16,17). Thus, the water content in the
reaction medium can be kept as low as 0.1%.
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Crystallization of the Products in the Solid-Phase Synthesis
of Sugar Fatty Acid Monoesters

Crystallization is a useful technique in chemical processes. It can be obtained by
decreasing the temperature or minimizing solvent amount or changing solvent.
Bornscheuer and Yamane applied this technology in the enzymatic synthesis of
monoacylglycerols (18). Accordingly, in our ongoing project, we tried this approach
in the synthesis of sugar fatty acid esters, which was carried out in a heterogeneous
low-solvent reaction system in which most of the substrate was present as suspended
particles (19-21). The present research was performed by means of varying the solu-
bilization property of the solvent to favor crystallization of the product.

Solvent Effects. As described above, EMK and hexane served as an ideal solvent
mixture, because EMK showed a slightly higher product solubility, whereas hexane
hardly dissolve the product at all. Thus, sugar fatty acid esters were synthesized by
lipase-catalysis at 59°C in a mixture of EMK and hexane. From Figure 2 it can be
observed, that the addition of 20% hexane to the medium gave rise to a notable accel-
eration of the process, resulting in a 90% conversion to 6-O-palmitoyl-B-D-glucose in
48 h starting from equimolar concentrations of reactants. This enhancement of
monoester production could be related to a poor solubilization of glucose fatty acid
ester in the medium containing hexane, thus leading to easy crystallization of the
product from the reaction medium (solubility: 1.98 mg/mL 6-O-palmitoyl-glucose

100
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FIG. 2. Relationship between product yields and the percentage of hexane in ethyl
methylketone. Reaction condition: 0.5 mmol glucose, 0.5 mmol fatty acids, 50 mg
Chirazyme® L-2 lipase, 0-0.4 mL ethyl methyiketone and/or hexane, 59°C, 650 rpm,

48 h. st: solidification time; ns: no solidification.
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compared to 2.50 mg/mL in pure EMK, solidification time, 24 h). At > 80% hexane,
the reaction became very slow and no solidification took place. In contrast, reactions
in pure EMK proceeded with high initial rates, but the maximum conversion to
monoester did not exceed 52% (achieved only after 8 h). Presumably, solidification
became the rate-limiting step suppressing higher yields.

Effect of Solvent Amounts. The solvent amounts in the reaction medium were also
investigated. It was found that conversion and productivity increased with higher sol-
vent amounts (optimum 140% w/w) until a maximum conversion was achieved.
Conversion was decreased with increasing amounts of solvent (Fig. 3). This may be
explained by an increased product amount in the liquid phase and lower precipitation
of product. In addition, the fatty acid concentration in the liquid phase decreased dur-
ing the course of the reaction; this may have led to a change in the polarity of the lig-
uid phase and an increase in the solubility of the product in the liquid phase, which
may have caused product inhibition at high product concentration in the liquid phase.

Effect of Acyl Donors. The synthesis of glucose fatty acid esters was investigated
with continuous by-product removal in a stirred-tank membrane reactor by azeotropic
distillation using EMK containing 20% hexane as reaction solvent and different fatty
acids as acyl donors. From previous studies on the lipase-catalyzed synthesis of glu-
cose esters in a solid-phase system (17,19,22,23), it was already known that the fatty
acid chainlength had a considerable influence on product formation. This was due

100 . . v I v r . 50
% ) B concentration of glucose laurate Jas
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80 A conversion - 40
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FIG. 3. Relationship between the concentration of fatty acid and solvent with conver-
sion in the synthesis of 6-O-lauroyl-glucose. Reaction condition: 0.5 mmol glucose,
0.5 mmol lauric acid, 50 mg Chirazyme® L-2 lipase, 0.4 mL mixture of ethyl
methylketone and hexane (4:1, vol/vol), 59°C, 650 rpm, 48 h.
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mainly to the different solubilities of the glucose esters of fatty acids with different
chainlengths in the reaction medium, causing different solidification times (Table 1).
Using saturated long-chain fatty acids, such as stearic acid as acyl donor, it was
observed that the reaction mixtures began to solidify at an early stage of the reaction
(1624 h), and the conversions achieved with stearic acid were 99%. With myristic
and lauric acids, the mixture solidified after about 36 h., With short-chain fatty acids
such as caprylic and caproic acids, no solidification of the reaction mixtures was
observed. In this case, the products were totally solubilized, thus suppressing the crys-
tallization of product and resulting in low conversions.

Summary

The process for the enzymatic synthesis of sugar fatty acid ester as described demon-
strates a successful application of crystallization technique. This process does not
require prior modification of substrates—renewable sources of sugar and fatty acids.
This process offers also a number of advantages such as high productivity (0.56-1.3
mmol/g - h), high ratio of product to reaction mixture and reaction rate. Furthermore,
use of only very small amounts of organic solvents and high reaction rates leads to
high space-time yield (0.047-0.122 g/mL - d), which is a very important factor for
industrial application. In addition, recovery of solvent by membrane vapor permeation
under mild and “environmentally friendly” reaction conditions results in low energy
consumption and high enzyme stability. This technique performed with equimolar
reactants, provides a simple downstream process.
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TABLE 1
Influence on Product Solubility with Different Fatty Acids as Acy! Donors?
Conversion Saturated solubility Solidification time
Glucose ester (%) (mg/mL) (h)
Stearete 99 0.78 16-24
Palmitate 88 1.98 16-24
Myristate 75 2.33 36
Laurate 69 3.55 36
Capronate 58 8.49 48
Caprylate 54 13.28 ns
Caproate 48 13.72 ns

Reaction condition: 0.5 mmol glucose, 0.5 mmol fatty acids, 50 mg Chirazyme® L-2 lipase, 0-0.4 mL ethyl
methylketone or/and hexane, 59°C, 650 rpm, 48 h. ns: no solidification.
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Introduction

The controlled destabilization of emulsified fats by intraglobular fat crystals plays
a considerable role in the development of microstructure and sensory properties of
many foods (e.g., butter, spreads, whipped toppings, and ice cream). During a
cooling regime, under perikinetic or orthokinetic conditions, intraglobular fat may
crystallize, and collisions between droplets may lead to flocculation. Crystals near
or at the droplet interface may cause the disruption of droplets at rest, or as the
result of collisions. With a disrupted interface, the available liquid oil preferential-
ly wets protruding crystals, and a bridge is formed between the two droplets (1).
Due to the structural rigidity of the crystals, the droplets are prevented from fully
coalescing, a process known as partial coalescence (2,3). It has been shown that
solid fat content (SFC), crystal structure, crystallization kinetics, shear, and tem-
pering all impact the stability of emulsions containing solid fat (1,4).

Fat crystallization has been extensively studied in bulk fats and, to a lesser
extent, in emulsified fats. It has been shown that the crystallization behavior of a
fat will proceed quite differently, depending on whether it is in bulk or emulsified
form (4,5). Authors have examined the effect of the state of dispersion on the crys-
tallization mechanisms (nucleation, crystallization rate) and polymorphic behavior
(6-11) of partial- and triglycerides in bulk and emulsified form. Understanding the
mechanisms of emulsion nucleation and crystallization is one of the first steps in
understanding the destabilization of emulsions and partial coalescence, e.g., stabi-
lization of liquid fat emulsions by solid particles (fat) or control of the polymor-
phic form of crystals during the process of partial coalescence to control the size of
aggregates and textural properties.

There are two approaches to nucleation kinetics that have been utilized to
explain intraglobular fat crystallization—homogeneous and heterogeneous nucle-
ation. During homogeneous nucleation, there are no impurities present to act as
nucleation catalysts (6). Heterogeneous nucleation involves the presence of impu-
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rities that serve as nucleation sites for intradroplet crystallization. After nucleation
initiation, crystals may behave as secondary nucleation sites and promote further
crystallization. Although an understanding of nucleation and crystallization has
been established, it is clear that further insight into the relationship of crystalliza-
tion Kinetics, polymorphic behavior, and rheological properties is necessary to bet-
ter understand the destabilization and/or stabilization of emulsified systems. The
goal of this research was to determine the effects of two different fat systems on
the crystallization behavior of fats in emulsified oil-in-water and bulk systems.
Two fats, of similar final SFC, but different crystallization kinetics were chosen.
The kinetics, polymorphism, rheology, and microstructural behavior of two fat sys-
tems in emulsified oil-in-water and bulk form were studied.

Materials and Methods
Materials

Refined, bleached, and deodorized palm stearine was obtained from CanAmera
Foods (Toronto, Ontario, Canada); lard and canola oil were purchased from a local
supermarket. Tween 80 was supplied by Quest International (Lachine, Quebec,
Canada). Free fatty acid content was determined [as percentage oleic acid (w/w)]
by titration (12). Free fatty acid contents were 0.03, 0.1, and 0.02%, respectively,
for the lard, palm stearine, and canola oil.

Blend and Emulsion Preparation

A 40% (w/w) palm stearine/60% (w/w) canola oil (PSCO) blend was made by
heating the palm stearine to 90°C (to destroy crystal history) and blending it with
canola oil. All emulsions were formulated by weight to be 20% (w/w) oil and 1%
(w/w) Tween 80. The Tween was dissolved in the distilled water prior to emulsifi-
cation, and emulsions were prepared by heating the ingredients to 90°C, to ensure
that the fats were liquid, followed by high shear mixing (PowerGen 700 homoge-
nizer; Fisher Scientific, Nepean, Ontario, Canada) at 27,000 rpm for 6 min. The
temperature of the emulsion immediately after emulsification was 65°C. Samples
were equilibrated at 60°C prior to analysis, quenched at 25°C, and held isothermal-
ly at 25°C during analysis. A canola oil emulsion was prepared and used as a con-
trol. Samples were prepared in triplicate.

Bulk and Emulsion Characterization

Droplet distributions were measured by light scattering using a Mastersizer X parti-
cle size analyzer (Malvern, Worcestershire, United Kingdom). SFC and rheologi-
cal measurements were collected using a Minispec Mq pulsed nuclear magnetic
resonance (pNMR) spectrometer (Bruker, Milton, Ontario, Canada) and Carri-Med
CSL100 rheometer (Dorking, Surrey, United Kingdom), with a 2°, 6 cm cone and
plate fixture, respectively. Heat transfer rates were comparable for particle size,
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SFC, and rheological experiments (results not shown). Calorimetry was per-
formed using a Dupont Instruments DSC 2910 (Wilmington, DE). Microstructural
characterization of bulk and emulsified fats was performed with a Carl Zeiss
LSM-510 (Zeiss, Heidelberg, Germany) confocal laser-scanning microscope. The
oil phase in these samples was stained with Nile Red (5 ppm) (Acros Organics,
Nepean, Ontario, Canada), and the aqueous phase was stained with Rhodamine B
(5 ppm) (Acros Organics). A Rigaku Geigerflex (Danvers, MA) X-ray diffraction
(XRD) unit (A = 1.79 A) was used to determine powder diffractograms of the
polymorphic forms of the bulk and emulsified fats. Samples were placed into the
unit at 65°C, allowed to cool to 25°C, and scanned from 18 to 33° 26 for 1 h at 5-
min intervals.

Results and Discussion
Droplet Size Distribution

The oil-in-water emulsions studied in this experiment contained sufficient levels of
crystallized fat to lead to droplet destabilization via partial coalescence. The role of
intradroplet crystallization and its effects on emulsion stability and partial coales-
cence were determined by examining the evolution of droplet size distribution
[volume weighted particle size distribution (d,3)] as a function of time. All freshly
formed emulsions had mean d ; values of 5 + 0.5 pm. At rest, destabilization of
the PSCO emulsion occurred more rapidly relative to the lard and the canola oil
control emulsions (Fig. 1). Comparison of particle size and SFC indicated that
intradroplet crystallization occurred prior to the destabilization of the lard and
PSCO emulsions.

SFC and Emulsion Destabilization

SFC was monitored by pNMR and used as an indicator of nucleation and crystal-
lization kinetics. Bulk and emulsified lard were found to have slower induction
times and slower rates of crystallization than the bulk and emulsified PSCO blends
(Fig. 2). The onset of crystallization in emulsified fats was longer than that of their
respective bulk phases. The increase in the relative degree of undercooling
required for the crystallization of emulsified fat has long been known to limit the
rate of homogeneous nucleation (13). Emulsification of the fats used in this study
also served to redistribute impurities in the oil phase to slow the rate of heteroge-
neous nucleation (14). Various accounts illustrating the effects of impurities on
crystallization behavior have been reported in the literature. Kaneko er al. (15)
studied the effect of impurities, hydrophobic surfactants, in the dispersed phase on
surface nucleation. In the area of bulk fat behavior, Siew and Ng (16) reported a
general increase in the “crystallization time” of palm olein due to the presence of
diglycerides. Wright er al. (17) have reported a decrease in induction time after
removal of mono- and diglycerides from milk fat. It is evident that not only the
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Fig. 1. Emulsion destabi-
lization of lard O, palm
stearin/canola oil (PSCO)
B, and canola A emul-
sions monitored by d 5,
solid fat content (SFC) and
viscosity as a function of
time at 25°C under quies-
cent conditions.
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purity of fats but also the distribution of impurities must be considered when
studying crystallization behavior.

Onset of crystallization (defined in this experiment as the intercept with the
time axis extrapolated from the initial slope of the SFC curve) and crystallization
rate provided evidence of the degree of undercooling required for each fat. The
undercooling of bulk lard and palm stearine was S and 25°C below their respective
melting points as determined by differential scanning calorimetry (DSC). The
induction time for crystallization of the emulsified PSCO was 2 min longer than
the bulk fat, and the emulsified lard 5.5 min longer than bulk lard. The presence or
absence of impurities will determine whether heterogeneous or homogeneous
nucleation is prevalent, as well as the nature of crystal growth. Emulsified lard and
PSCO had lower relative rates of crystallization compared to crystallization rate in
bulk (Fig. 2), indicating that more undercooling was required to initiate crystalliza-
tion in the emulsified fats. Crystallization of bulk and emulsified PSCO were com-
plete within the same time frame after quenching, whereas the emulsified lard took
considerably longer to reach similar SFC values. The SFC of the PSCO emulsion
reached the final SFC of 4.6% quickly without evidence of destabilization by floc-
culation and/or coalescence. The droplets, however, did destabilize within the next
7.5 min. As expected, destabilization of both the lard and PSCO emulsion was
observed only after the onset of crystallization (Fig. 1). Destabilization of the
PSCO emulsion, as noted by a rapid increase in particle size, occurred quickly
after the SFC of the emulsion had increased to near its final value. At this time,
rapid flocculation and (partial) coalescence of droplets occurred as a result of colli-
sions of droplets with fat crystals oriented at or protruding from the interface. The
lard emulsion began to destabilize 22 min after quenching when the emulsion SFC
reached 1%, as opposed to the final SFC of 4.4%. By comparison, a 20% canola
oil emulsion remained stable to flocculation for the duration of the experiment
under both perikinetic and orthokinetic conditions.
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Intraglobular Crystal Morphology Under Perikinetic Conditions

The nature of the fat crystals found within the emulsified lard and PSCO played a
key role in the destabilization kinetics of the emulsion droplets. Droplet SFC dur-
ing the early stages of destabilization gave an indication of intraglobular fat behav-
ior. PSCO droplets were stable for a short time as they approached their final SFC.
The lard droplets, however, destabilized before reaching their final SFC, suggest-
ing a difference in crystallization behavior within the droplets. The uniform
growth, flocculation, and/or sintering of crystals (1,9) within the droplet environ-
ment maintained the stability of the droplet in the short term as a result of consoli-
dation of the fat crystals within the droplet prior to outward growth. The long-term
stability of the droplets, however, was compromised by an increase in the coales-
cence efficiency resulting from contact between droplets (18). The efficiency of
coalescence was partially dictated by the amount and orientation of crystalline fat
at the interface and how well the crystals are wetted by the oil phase. Fat crystals
tend to be preferentially wetted by the liquid oil contained in droplets rather than
the continuous phase. After reaching its final SFC, the crystal structure of the
emulsified PSCO underwent changes induced by crystal sintering, crystal growth,
and/or polymorphic transition. The resulting formations of large crystals or crystal
networks are capable of deforming the droplet interface. Destabilization as a result
of crystal protrusion and/or crystal growth from the interface was seen when
microstructure development was examined in time sequences (Fig. 3). The nature
of crystal growth is a crucial factor in destabilization of emulsified fat under quies-
cent conditions. The growth of crystals to the interface may occur from relatively
few nucleation sites in the bulk and outward as needle-like structures to deform the
droplet. Slow growth of these crystals will lead to a droplet that is susceptible to
destabilization in relatively few locations (i.e., where the crystal touches the inter-
face). Droplets are stable at rest when crystal formation is limited to small crystals
confined within the native droplet geometry and not available at the interface.
Droplets were observed to have freely rotating crystals mobile within the droplet
bulk when observed over time (not shown). The location of the crystals within the
droplet makes them less available to the interface, decreasing the chance that they
will promote flocculation or coalescence of the droplet with another. Flocculation
is therefore limited to interaction of liquid portions of the droplets.

Droplets that rapidly achieve a high SFC tend to contain many small crystals
that flocculate within the droplet and continue to grow out toward the interface
where they are available for promotion of coalescence. However, a greater destabi-
lizing influence will result from the growth of crystals outward from the interfaces
of droplets. Boode and Walstra (18) noted the importance of the disruptive influ-
ence of droplets containing protruding crystals and the importance of crystal mor-
phology with respect to coalescence efficiency and droplet destabilization.
Microscopic examination of emulsified lard showed slow growth of large crystal-
lite structures outward from the bulk of the droplet (Fig. 4). The needle-like and
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Fig. 3. Destabilization of PSCO emulsion over 20 min observed via confocal
laser scanning microscope. See Figure 1 for abbreviation.

plate-like crystals distorted and pierced droplets; however, disruption occurred
only when the crystals grew to the interface. The PSCO emulsion was destabilized
more quickly due to crystal growth at the droplet surface, after the average SFC of
the droplet population had reached its final value (Fig. 3). Few examples of droplet
disruption were observed at rest when crystals were small and contained within
droplets. It was the outward growth or projection of larger crystals that initiated the
destabilizing action in these systems.

Initially, growth of crystals from the interior of fat droplets most likely follows
a similar mechanism as was observed in the bulk. In the case of the PSCO system,
fast nucleation of fine crystals within the bulk phase was followed by growth of
larger crystals outward and growth at the interface (Fig. 3). In the lard system,
slow growth of fine crystals was followed later by slower formation of larger crys-
tals (Fig. 4). It was at sites where these larger crystal formations protruded to the
exterior of the droplet that partial coalescence was observed by microscopy.
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Fig. 4. Destabilized lard emulsion
with droplets containing large crystal
forms.

However, in the PSCO system, the delayed disruption (“blistering”) of the inter-
face with large crystals appeared to be the primary source of destabilization.
Interfacial “blistering” was also observed in the lard droplets, although much later
than in the emulsified PSCO. This visual observation coincided with SFC and par-
ticle size measurements that indicated the SFC of the PSCO droplets had stabilized
prior to the rapid increase in droplet size and destabilization.

Lard emulsion destabilization was less dependent on SFC, compared to the
PSCO emulsion, and more dependent on crystal morphology. The average SFC of
the droplets at the time of destabilization was observed to be lower than in the case of
the PSCO emulsions although the minimum destabilizing SFC of emulsified PSCO
was not determined. The difference in the rates of crystallization in the lard and
PSCO was due to the inherent crystallization rate of the fat and to the region of
nucleation in the droplet, whether in the droplet “bulk” or at the interface. Droplets
with crystal nucleation at the interface would most likely promote partial coalescence
(or at least disruption of the interface) more quickly than those with free-floating
crystals within the droplet. It has been shown that coilision of droplets containing
solid fat is sufficient to induce nucleation in liquid droplets. McClements et al.
(19,20,21) used pNMR and ultrasonic techniques to observe the effects of droplet
collisions on the crystallization behavior of a mixture of solid and liquid droplets.
Droplets were undercooled sufficiently to yield solid droplets, and then they were
mixed with liquid droplets of identical chemical composition. The presence of the
solid droplets was sufficient to induce crystallization in the liquid droplets, whereas a
treatment of the emulsified liquid remained so for the duration of the experiment,
illustrating the mechanism of collision-induced crystallization. The crystallization of
the lard emulsion was limited by the degree of undercooling employed in the experi-
ment, resulting in a population of partially solidified droplets. Subsequent crystalliza-
tion may have been due to combined intradroplet crystallization of further under-
cooled fat and collision-induced crystallization. Collision with other droplets contain-
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ing solid fat makes secondary nucleation of liquid fat and flocculation of existing
crystallized droplets possible, thus inducing partial coalescence. Crystals held
within droplets cause rupture upon the formation of sufficient intradroplet net-
works or transition of the crystals to a different morphology and/or polymorph.
Impact at the interface of a liquid droplet by another droplet containing solid fat
increases the degree of partial coalescence in the emulsion due to the greater coa-
lescence efficiency of the (partially) solid droplet. Growth of a rigid crystal mass
or a number of large crystals within droplets provides the required structural rigidi-
ty for protrusion of crystals from the interface and penetration into neighboring
droplets. Crystallization kinetics of the lard emulsion are different from the bulk,
possibly due to the distribution of impurities within the droplet or the number of
large slow-growing crystals of emulsified fat. Large crystals were observed at the
droplet interface in both fat systems, but their origin was not always discernible
with the microscopic technique employed.

Polymorphs in Bulk and Emulsified Fat

Examination of the destabilization of emulsified fats was also monitored using X-
ray diffraction in an attempt to determine the influence of emulsification on the
polymorphic form and polymorphic transitions on the stability of emulsified fats.
Attempts were also made to examine polymorphic behavior by DSC, but it became
evident that the SFC in the emulsions was too low to reliably detect transitions. No
detectable differences were found in the polymorphic transitions of bulk and emul-
sified lard by XRD (Fig. 5). The formation of B-type crystals was favored in both
systems, although the B” structure was observed in the lard. The B peak appeared
with greater intensity in the emulsified PSCO relative to the emulsified lard, which
was not completely crystallized after the first hour of the experiment. The XRD
experiment indicates that, in this instance, there was little or no difference in the
polymorphic behavior of emulsified and bulk fats; however, as might be expected,
the more B-tending PSCO generated large § crystals relatively quickly, leading to
the least stable emulsion system.

Emulsion Crystallization in a Shear Field

The influence of a shear field on emulsion crystallization is of great interest as it
relates to behavior during product processing and distribution. Emulsions can be
destabilized under shear in a controlled manner to deliver desirable properties;
uncontrolled or unintentional destabilization may lead to poor product perfor-
mance. Comparisons of emulsions under perikinetic (at rest) and orthokinetic
(under shear) conditions were made in an effort to understand the role of shear on
the stability of the systems studied. Davies et al. (22) found stability of triglyceride
emulsions containing crystals to be sensitive to both shear and crystal concentra-
tion. Crystal morphology also plays an important role in the destabilization of
emulsions under shear. Boode and Walstra (4) reported the presence of needle-like
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crystals to be important in the destabilization of milk-fat emulsions. Crystallization
of fats at the droplet interface was observed followed by partial coalescence and
interglobular crystallization on contact with other droplets.

Contact with other droplets was promoted during isothermal crystallization of
the emulsified PSCO and lard in a shear field. During the initial stages of shear, the
increase in emulsion viscosity was found to correlate well with the increase in par-
ticle size observed under quiescent conditions. Upon reaching a critical level of
droplet aggregation or partial coalescence, the increase in viscosity and rate of
droplet destabilization diverged rapidly from that observed under quiescent condi-
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tions (Fig. 1). The initial viscosity increase was likely due to flocculation of
droplets during shear and/or small crystal protrusion from the droplet interface, fol-
lowed by the rapid increase in viscosity imparted by droplet destabilization and
partial coalescence. In both the emulsified lard and PSCO systems, an increase in
viscosity was observed as the emulsion destabilized in a low shear field. As stated
previously, the stability of the lard emulsion does not appear to be dictated solely
by SFC (Fig. 1). Microstructural characterization of the emulsified lard indicated
its tendency to form fewer and larger crystals than the emulsified PSCO. This may
have contributed to the fact that emulsified lard droplets did not require such a high
SFC as the PSCO system for destabilization to occur. A control canola emulsion
remained stable when treated in the same manner as the lard and PSCO emulsions,
indicating the SFC dependence of emulsion stability under shear conditions.

Shear-induced crystallization had a much greater effect in bulk systems than
emulsified systems (Fig. 6) and resulted in an accelerated rate of crystallization.
Prior to, and during, the initial stages of crystallization, intradroplet fat is protected
from interdroplet crystallization by the spherical shape and pressure of the droplet
and is not directly available to the shear field, i.e., no protruding crystals. This
observation is consistent with microstructure work where limited destabilization
was observed in droplets with no visible crystals. Initially, droplet interfaces in the
PSCO system showed that the crystallized fat was not available at the surface, lim-
iting the occurrence of crystal-induced flocculation and coalescence. Droplets
remained stable until their interfaces were disturbed by the shear field or crystal
interaction.

Exposure to a shear field causes more rapid crystallization as the presence of
protruding crystals leads to more aggregation of crystalline droplets, similar to
bulk-fat behavior. The rapid increase in the rate of droplet destabilization follow-
ing crystal growth and protrusion is due to the shear induced by the less spherical
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crystalline droplets and an increase in coalescence efficiency resulting from the avail-
ability of crystals at interfaces. This behavior was observed in the PSCO emulsion,
which began to destabilize only after reaching its final SFC. Destabilization must
therefore be induced not just by the increase in SFC of the droplet but by rearrange-
ment, migration, or change in crystal morphology at the droplet interface, and/or
change in crystal morphology. Stability of the emulsified fats at rest and under shear
was similar until there was either sufficient crystal growth or sufficient energy applied
to the system. Once sufficient shear is applied, crystals more easily break the interfa-
cial energy barrier of neighboring droplets and destabilization occurs. Emulsified lard
destabilized prior to reaching its final SFC under both orthokinetic and perikinetic
conditions. This can be attributed to the slow growth of fewer and larger crystals with-
in the droplet. The initial coalescence efficiency of droplets containing large single
crystals is low relative to those filled with a network of fine crystals (18), as they
require time to reach the dimensions necessary to span the droplet.

Flocculation of the droplets increases with shear rate (orthokinetic aggrega-
tion). The effect of the applied shear field is amplified by crystallization and crys-
tal growth at the surface, hence the difference in behavior at rest and under shear.
The shear field supplied the energy required to disrupt the interface during droplet
collisions. As crystals protruded from the droplet, the shear rate applied to the
emulsion combined with the roughened surface of the droplets contributed to the
flocculation and destabilization of the emulsion. Prior to crystal growth out of the
droplets, there is less resistance to flow and less shear applied by each droplet to its
neighbor. Stability during early stages of shear is more analogous to that illustrated
by the particle-size distributions under quiescent conditions as there was not yet
sufficient energy supplied to the system to induce coalescence. Destabilization of
emulsions at rest was observed as an increase in particle size coupled with slow
creaming prior to complete crystallization of the PSCO and lard emulsions com-
pared with the rapid destabilization of the emulsions under shear. As expected,
orthokinetic conditions had a measurable impact on the stability of the emulsions.
When coupled with an increase in droplet SFC, the increase in collision frequency
resulted in an increase in coalescence efficiency and an accelerated rate of droplet
destabilization.

Crystallization of lard and PSCO emulsions with similar initial droplet size
distributions led to partial coalescence under perikinetic and orthokinetic condi-
tions. The application of shear accelerated the destabilization of the emulsions after
the achievement of a critical SFC. The SFC was found not to be the sole contribut-
ing factor to emulsion destabilization. Crystal morphology and distribution within
the droplet are important factors in the destabilization of these emulsified fats. The
emulsions are relatively stable in the short term when crystals are small and form
quickly in a consolidated mass in the bulk of the droplet. Polymorphic transitions
were not detectable as a source of destabilization in this experiment. The observa-
tion of the microstructure of bulk and emulsified fats gave insight into the mecha-
nisms of emulsion destabilization.
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Chapter 17

Crystallization in Emulsion: Application to Thermal
and Structural Behavior of Milk Fat
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Introduction

Milk, which is the starting point of many food products, is a natural oil-in-water
emulsion. Natural milk fat, mainly composed of about 97% triacylglycerols (TG),
is dispersed in globules with a mean diameter of 4 um, stabilized by a complex
membrane. The concentration of fat globules in milk leads to cream. The increased
knowledge of crystallization of natural milk-fat globules might be of a certain
value for technical applications of milk-fat crystallization. Thus, it is interesting to
compare crystallization of fat dispersed in emulsion, such as milk or cream, with
crystallization of bulk milk fat, devoid of the physical barrier of membranes. To
study the thermal and structural properties of TG in fat globules of cream and in
anhydrous milk fat (AMF), experiments were conducted using X-ray diffraction as
a function of temperature (XRDT) and differential scanning calorimetry (DSC)
techniques at different cooling rates. Determination of the physical properties of
TG dispersed in fat globules is much more challenging than the study of AMF
since the presence of numerous compounds such as water and proteins decreases
the intensity of the X-ray signal, at least by simple dilution effect. XRDT experi-
ments were conducted both at small angles, to characterize the longitudinal stack-
ing of TG also called “long spacings” (LS), and at wide angles, which give infor-
mation on the cross-sectional packing of the aliphatic chains also called “short
spacings” (SS). The polymorphic behaviors of TG in emulsion and in AMF were
systematically compared in the same conditions. Using very low cooling rates, we
studied the formation of stable crystalline varieties (Lopez et al., manuscript sub-
mitted for publication). Medium-stability species were studied at intermediate
cooling rates (Lopez et al., manuscript in preparation). Very fast quenching from
50 to —8°C in 3 s allowed us to obtain the most unstable varieties of TG dispersed
in milk-fat globules (1). In this paper are presented the results of the later thermal
process.
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Materials and Methods
Creams

Concentrated creams [fat content (60% (wt/vol)] obtained after skimming of fresh
whole milks originating from Brittany and/or Normandy (Laita and Lactalis;
France) were used for the experiments.

AMF

AMF was extracted from fresh concentrated creams as previously described (2).

XRDT/DSC measurements

Experiments were conducted with coupled time-resolved synchrotron X-ray dif-
fraction as a function of temperature (XRDT) and high-sensitivity differential
scanning calorimetry (DSC) (3). X-ray data and thermal measurements were col-
lected simultaneously from the same sample by a single microcomputer. The
experiments were carried out on D22 bench (A = 1.5498 A) of DCI synchrotron of
LURE (Laboratoire pour I'Utilisation du Rayonnement Electromagnétique). Two
one-dimensional position-sensitive proportional detectors allowed XRDT detection
simultaneously at small and wide angles (3,4). Crystalline B form of high-purity
tristearin was used as reference for both small-angle (44.95 + 0.05 A) and wide-
angle (4.59, 3.85, 3.70 + 0.01 A) channels for scattering vector g [q =/n.sin (B)/A; ¢
in 1/A, 0 in degrees is the angle of incidence of X-ray relative to the crystalline
plane, and A is the X-ray wavelength] calibration of the detectors.

The samples were loaded in thin Lindeman glass capillaries (GLAS, Muller;
Berlin, Germany) with 0.01 mm of wall thickness and diameter (& = 1.4 £ 0.10
mm) using a syringe and a small capillary tubing. The capillaries were heated at
50°C for 10 min in order to melt all existing crystals and nuclei. The samples were
quenched by rapid introduction of the capillaries into the calorimeter coupled with
XRD precooled to —8°C.

An X-ray pattern has been recorded under isothermal conditions at —8°C for 5
min prior to the heating of the sample of cream at 2°C/min. from -8 to 50°C (2).

Results and Discussion

The sample of concentrated cream was first maintained for 10 min at 50°C in order to
melt all existing crystals and nuclei. At this temperature, all the TG are in a liquid state
while proteins are not affected by heat treatment. The sample was quenched by rapid
introduction of the capillary into the calorimeter cooled to —8°C in order to study the
formation of the less stable crystalline structures of TG within fat globules of cream.
We can evaluate that quenching rate is about a thousand degrees per minute. The
quenching temperature, —8°C, was chosen low enough to study crystallized TG struc-
tures and high enough to avoid water crystallization during the whole experiments.
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After quenching, an isothermal X-ray pattern was immediately recorded at -8°C for 5
min in order to identify the crystalline structures created after the thermal treatment
applied to the sample. Then, the sample of concentrated cream was heated at 2°C/min.
from —8 to 50°C in order to study the evolution of these less stable forms toward more
stable varieties formed by TG in fat globules.

(i) Isothermal conditioning at -8°C after quenching

An isothermal X-ray pattern has been immediately recorded at both small and wide
angles at —8°C for 5 min in order to characterize the crystalline structures formed
in fat globules after the thermal treatment applied to the sample.

Figure 1 shows both the X-ray diffraction patterns recorded for cream and
AMEF, to allow a comparison. The small-angle XRD pattern recorded in emulsion
shows four peaks corresponding to LS of 70.4, 47, 35.8, and 23.7 A. As for AMF,
which displays similar distances (70, 47, 36, 23.7 A), they were attributed to the
coexistence of two different lamellar phases with triple-chain length (3L = 70 A)
and double-chain length (2L = 47 A organizations of the TG molecules. The dif-
fraction peak recorded at 23.7 A may correspond to the third order of the 3L orga-
nization or the second order of the 2L variety, or both.
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Fig. 1. Small- and wide- (insert) angle X-ray diffraction (XRD) patterns recorded at

—8°C after quenching of the samples of cream (thick line) and anhydrous milk fat (thin
line) from 50°C.
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The evolution, as a function of time, of the unstable crystalline structures
formed after quenching, was recorded during 20 min. at —8°C for cream (Fig. 2), as
it was done for AMF (3) using XRDT facilities. The evolutions of the maximal
intensities of the peaks were plotted vs. time on the same graph (Fig. 2, insert) in
order to visualize the evolution, in isothermal conditions, of the different varieties
formed in fat globules. A similar evolution, mainly consisting of the progressive
vanishing of 2L (47 A) and the development of 3L (BLgy; = 704 A and 3Lgg, =
35.8 A) organizations, was observed for cream and AMF. The results show that the
destabilization of the 2L variety is not caused by the temperature increase but is
due to the metastable character of this structure. The intensity of the peak at 23.7 A
stays nearly constant vs. time, which allowed us to conclude that it represents actu-
ally both the second order of the 2L variety and the third order of the 3L structure.
The 2L. — 3L isothermal transition observed in fat globules and in AMF indicates
that the evolution of TG organization is independent of their dispersion state.

The simultaneous wide-angle XRD pattern recorded at —8°C in emulsion (Fig.
1, insert) shows a single peak with a SS of 4.21 A on a diffuse peak centered at
about 4.5 A corresponding to the X-ray signature of hydrocarbon chains in the lig-
uid state (5). The single peak corresponds to the crystallization of the alkyl chains

35.8A £
©E
70.4A 0 5 imemin) ™ . ;
47 ime (min
23.7A t=21 min
t=11 min
t=5 min
: ; ; 2 t=1 min
0.00 0.06 0.13 0.19 0.26 0.32

q (A

Fig. 2. Isothermal evolution at -8°C, as a function of time, of small-angle XRD peaks
recorded just after quenching of cream from 50°C. Insert: evolution of peak relative
intensities vs. time (100% corresponds to the strongest peak) : (+) 70.4 A, (A) 47 A,
(©) 35.8 A, () 23.7 A. 2L, double chainlength; 3L, triple chainlength. See Figure 1
for other abbreviation.
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of TG in the unstable o form (hexagonal packing) which is consistent with the
thermal treatment applied to the sample.

As a summary, rapid cooling of both fat globules and AMF leads to the coex-
istence of a 3L and a 2L structures of unstable o type.

(i) Heating at 2°C/min

After rapid cooling and identification of the unstable varieties formed at -8°C, the
sample of cream was heated to 50°C at 2°C/min.

Structural Analysis. Figure 3 shows the evolution of the crystalline varieties in fat
globules, recorded simultaneously by XRD at small (Fig. 3A) and wide (Fig. 3B)
angles, during heating of cream at 2°C/min. In order to delimit the domain of exis-
tence of each crystalline variety, it is necessary to analyze the evolutions of spac-
ings and intensities of X-ray peaks as a function of temperature during the heating
of the sample at 2°C/min.

The evolutions of the LS and SS vs. temperature of the diffraction peaks
observed in Figure 3 are shown in Figure 4A and B. The LS of the 3L (70.4 A) and
2L (47 A) varieties do not show any significant evolution at 7 < 5°C when
observed (Fig. 4A). In the 5 < T < 11°C domain, a progressive 3L — 2L transition
occurs. The thickness of the new 2L crystalline structure formed (37.5 A) increases
up to 40.8 A in the range 13.2-24°C and increases again of about 1 A up to the
final melting of TG in fat globules. This LS increase was attributable to the selec-
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Fig. 3. Crystalline evolution of triacylglycerols in fat globules of cream. Three-dimen-
sional plots of small- (A) and wide- (B) angle XRD patterns, recorded simultaneously
with differential scanning calorimetry (DSC) experiments during heating of cream at
2°C/min from -8 to 50°C. See Figure 1 for other abbreviation.

I
¢

k

3



Application to Thermal and Structural Milk-Fat Behavior 195

tive melting of TG constituted by shorter acylglycerol chains. The evolution of SS
recorded at wide angles (Fig. 4B) shows, at T 2 5°C, a progressive transition from
a hexagonal subcell (o-form) into an orthorhombique packing (B’ form) character-
ized by two diffraction lines (4.2 and 3.9 A).
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Fig. 4. Evolution of the long and short spacings (A) of unstable crystalline varieties in
fat globules of cream recorded by XRD, during heating at 2°C/min. from -8 to 50°C.
Reciprocal spacings of lamellar structures are multiplied by their corresponding dif-
fraction order as reported in the figure. (A) Long spacings : (+) 70.4 A, (O) 47 A, (O)
35.8 A, (&) 23.7 A(003), (@) 23.7 A(002), (¥) 37.5 A. (B) Short spacings : (A) o, (®)
B’(4.2 A), @) B’ (3.9 A). See Figures 1 and 2 for other abbreviations.



196 C. Lopez et al.

The evolutions as a function of temperature of intensities of the XRD peaks
observed during the heating of cream (Fig. 3) are shown in Figure 5A and B.
Intensities were normalized to the more intense peak in order to allow the comparison
of their thermal variations. The intensity evolution of the LS (Fig. 5A) shows the rapid
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Fig. 5. Evolution of the relative intensities expressed as a percentage of the peak max-
imum of the (A) long and (B) short spacings, recorded by XRD, respectively at small
and wide angles, vs. temperature (100% corresponds to the strongest peak). (A} Long
spacings : (+) 70.4 A, (O) 35.8 A, (&) 23.7 A(003), (¥) 37.5 A. (B) Short spacings :
A o, (@) p'4.2 A), @) B (3.9 A). See Figure 3 for other abbreviations.
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vanishing of the 2L (47 A) structure, identified as a 2L — 3L isothermal transition (see
previous discussion). In the -8 < T < 11°C domain, the simultaneous decrease of the
set of peaks associated with the 3L organization corresponds to the melting of this
variety. From 13.2°C, the new 2L (37.5 A) variety formed shows four regimes in the
decrease of its intensity during heating. The SS intensity evolution recorded simultane-
ously at wide angles during heating (Fig. 5B) displays break points at identical temper-
atures as LS (5, 11, and 17.4°C). Thermal evolution of SS summarizes the observation
of an o-form from -8 to about 17°C and of a B’-form from 5 to about 39°C and then
the coexistence of ¢ and B’ packings in the 5-17°C range.

The precise analysis of the data allowed delimiting of the domains of existence of
the different varieties.

Except for LS peak widths of both unstable 2L and 3L organizations, which are
significantly different (1), the overall variations observed in cream resemble that of
AMF (2). The fact that this broadening was only observed in the dispersed state was
interpreted as a selective influence of the interface curvature onto the less crystalline
forms.

Thermal Analysis. The DSC curve recorded simultaneously with XRDT experi-
ments on the same sample of cream during heating from -8 to 50°C at 2°C/min is
presented in Figure 6 with AMF thermal evolution in the same conditions. Only a
comparison of the simultaneously recorded DSC and X-ray data makes it possible
to associate the thermal events with the structural changes described above. The
domains of existence of the different crystalline varieties identified in cream by X-
ray analysis are delimited by vertical lines. The DSC curve clearly shows the end
of a first endotherm (melting of 3L structure), an exothermic peak from 5 to 10°C
(3L o — 2L f’ transition), and a set of endotherms overlapping each other (selec-
tive melting of the 2L structure) until melting of all TG dispersed in milk-fat glob-
ules at 39°C. The DSC curve recorded for AMF shows the same thermal events as
cream. However, the final melting temperature of cream at about 39°C is repeated-
ly slightly higher than the final melting point of AMF (37°C). As the TG composi-
tions of cream and AMF are supposedly identical due to the extraction mode of
AMF from cream, we interpreted this difference as a structure of the more saturat-
ed TG layers by oil-water interface.

Conclusion

In this study, it has been shown that (i) the brightness of a synchrotron beam is
necessary for the study of dispersed systems and (ii) only the coupling of time-
resolved XRD at both small and wide angles with DSC allows the interpretation of
complex structural and thermal recordings observed during milk-fat globules crys-
tallization.

The study of unstable crystalline varieties formed in milk-fat globules after
quenching allowed the identification of a 2L (47 A) unstable structure with a very
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Fig. 6. DSC curves recorded simultaneously with XRD data during heating at 2°C/min
of the samples of cream (thick line) and anhydrous milk fat (thin line). The crystalline

varieties formed and their domains of existence deduced from XRD analysis are noted
on the figure. See Figures 1 and 3 for other abbreviations.

small domain of existence in isothermal conditions. This result could be important
for ice-cream processing. The comparison between cream and AMF fat showed
that similar structures are formed in emulsion and in bulk after rapid cooling, but
we also showed that TG crystallization is more disordered in emulsion: peak
broadenings are attributed to constraints due to interface curvature in emulsion
droplets.
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Chapter 18

Emulsion Partial Coalescence and Structure
Formation in Dairy Systems

H. Douglas Goff
Department of Food Science, University of Guelph, Guelph, ON, N1G 2W1, Canada

Introduction

The process of controlled fat destabilization of an emulsion during whipping and air
incorporation is responsible for the establishment of structure in two notable dairy
products, whipped cream and ice cream, leading to complex products described both
as protein-stabilized emulsions and fat-stabilized foams. This process has been stud-
ied by several researchers in whipped cream (1-10) and ice cream (11-13). Fat
destabilization is also responsible for structure formation in a variety of whipped
nondairy dessert toppings (14,15). “Fat destabilization” (sometimes “fat agglomera-
tion™) is a general term that describes the summation of several different phenomena
(16). These include: coalescence, an irreversible increase in the size of fat globules
and a loss of identity of the coalescing globules; flocculation, a reversible (with
minor energy input) agglomeration/clustering of fat globules with no loss of identity
of the globules in the floc; and partial coalescence, an irreversible agglomeration/
clustering of fat globules, held together by a combination of fat crystals and liquid
fat, and a retention of identity of individual globules as long as the crystal structure is
maintained (i.e., temperature-dependent, once the crystals melt, the cluster coa-
lesces). Partial coalescence dominates structure formation in whipped, aerated dairy
emulsions (13,17-19), and occurs because of the presence of fat crystals within the
emulsion droplets (20).

Stability of Dairy Emulsions

Raw milk is an oil-in-water emulsion comprised, at the time of secretion, of liquid oil
droplets and a protein/phospholipid membrane derived from the secretory cell.
Cooling causes temperature-dependent crystallization of the high-melting triglyc-
erides. During processing of dairy emulsions, sufficient heating to melt the fat occurs
during pasteurization and homogenization. The latter operation greatly increases sur-
face area of the oil droplets and causes a large adsorption of amphiphilic materials to
the oil-water interface. Further cooling again recrystallizes the high-melting triglyc-
erides, but undercooling is a common occurrence, especially in homogenized emul-
sions given the large number of emulsion droplets per unit mass of fat present, so
that attainment of equilibrium is time-dependent (21).
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Emulsions are inherently unstable. The interfacial tension or surface free ener-
gy between fat and water surfaces is high. Rearrangements will lower the surface
free energy as a thermodynamic system moves toward equilibrium by reducing the
surface area. The equilibrium situation would be minimum free energy, minimum
surface area, and two distinct layers, fat and water. In addition, density differences
between the fat and water phases result in a driving force for the fat phase to rise, a
process known as creaming. Therefore, coalescence and creaming are inevitable in
unstabilized emulsions and both lead to loss of the dispersed state. However,
amphiphilic molecules play an important role in emulsions. Proteins with
hydrophobic regions or mono- and diglycerides are examples of such molecules as
they contain segments that prefer solution into an aqueous environment and seg-
ments that prefer solution into a nonpolar environment (22,23). Thus, during the
homogenization of oil into a solution in the presence of amphiphilic molecules, a
membrane quickly forms around the fat globule. This membrane acts to lower the
oil-water interfacial tension and, depending on the amount of surfactant adsorbed,
to increase the density of the fat globule. Both have a stabilizing effect, slowing
down the rate of coalescence and creaming that may have otherwise occurred.

In a noncrystallized oil-in-water emulsion, when the membrane between two
approaching globules is ruptured, the oil generally coalesces. However, many of
the triglyceride emulsions common in the food industry, particularly dairy emul-
sions, are stored at temperatures where fat crystallization occurs (17,24). Such
globules show intricate patterns of crystals within the globule, both radial and tan-
gential to the surface, and crystals actually growing or protruding through the
membrane (18). If crystals are present in the oil phase, coalescence may be incom-
plete (partial), leading to the formation of irregularly aggregated globules that
retain some of their original identity but are intricately linked (Fig. 1). Partial coa-
lescence exhibits some important differences compared to coalescence of oil

Fig. 1. A schematic representation of a network of partially coalesced fat globules,
illustrating the important role of fat crystals in the coalescence globules (visualized as
the straight lines within the globule).
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droplets: the identity of the individual globules is still retained in the aggregates;
due to the irregular form of the aggregates, the viscosity of the emulsion may
increase; the aggregation can proceed until a continuous network is formed
throughout the volume, thus giving the product solid properties (yield stress) and
immobilizing other particles (e.g., air cells) present; the rate of aggregation greatly
depends on agitation, while liquid droplets rarely show an appreciable dependence
of coalescence on agitation; during flow or agitation, the stability to partial coales-
cence is orders of magnitude smaller than would be the case for coalescence, i.e.,
the globules containing no crystals (18,19,25). Air has also been shown to greatly
affect the formation of fat clustering in partially crystalline emulsions, both when
the emulsion is in the static state (e.g., sparging) and during agitation (21). Thus,
the combination of air and agitation produces extremely rapid partial coalescence.

Partial Coalescence in Whipped Cream
Structure Formation

Whipped cream is a dairy product that relies heavily on partial coalescence for the
development of structure, as it is converted from a viscous liquid into a viscoelastic
solid during the process of whipping. Figures 2 and 3 illustrate the build-up of the

Partial-crystalline
fat Globule,
partially-coalesced

Fig. 2. A schematic representation of the structure of whipped cream, showing the
role of fat crystals within the emulsion droplets and partial coalescence of the emul-

sion in stabilizing the air bubbles and trapping the serum phase into a continuous
three-dimensional network.

(Not to scale)
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Fig. 3. The structure of whipped cream as determined by scanning electron microscopy. A.
Overview showing the relative size and prevalence of air bubbles (a) and fat globules (f;
bar = 30 ym. B. Internal structure of the air bubble, showing the layer of partially coa-
lesced fat which has stabilized the bubble; bar = 5 um. C. Details of the partially coalesced
fat layer, showing the interaction of the individual fat globuies. Bar = 3 um (Ref. 16).

semi-continuous network of fat surrounding and stabilizing the air bubbles. In
studying the whipping of heavy cream, Schmidt and van Hooydonk (1) stated that
the proteinaceous membrane that envelops the air bubble is penetrated by fat glob-
ules as the whipping process proceeds, and this fat penetration offers foam stability
to the whipped product. Brooker et al. (2) offered a more detailed explanation of
the whipping and foam stabilization process in heavy cream. During the initial
stages of whipping, air bubbles were stabilized primarily by B-casein and whey
proteins with little involvement of fat. Adsorption of fat to air bubbles occurred
when the fat-globule membrane coalesced with the air—water interface. Only rarely
did fat spread at the air—water interface. The final cream was stabilized by a cross-
linking of fat globules surrounding each air cell to adjacent air cells, thus building
an infrastructure in the foam. In skim milk foams, the initial air-water interface is
also formed by the serum proteins and soluble B-casein with little involvement of
micellar casein. Micelles became attached as a discontinuous layer but were not
deformed or spread (26). Thus, the important role of the protein, both in the serum
phase and at the membrane, cannot be overlooked in the development of whipped
cream structure. Bruhn and Bruhn (4) observed that ultra-high temperature (UHT)
sterilized cream took about 40% longer to whip than raw or pasteurized cream.
Research on the effects of UHT processing and the addition of stabilizer to cream
for whipping on structure and rheological properties of whipped cream was
extended by Smith et al. (8-10).

Manipulation of the Adsorbed “Membrane”

We have recently studied the effect of the protein membrane composition on par-
tial coalescence in 20% milk-fat emulsions (16). Emulsions were produced consist-
ing of 20% fat (from sweet butter, 80% fat), and 0.085, 0.17, 0.25, 0.50, 0.75, 1.0,
1.5, or 2.0% whey protein isolate (WPI, 88% protein; Protose Separations,
Teeswater, ON, Canada). The emulsions were heated to 70 or 90°C for 30 min,
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continuously stirred with a hand mixer, and then homogenized at 20.7/3.4 MPa
(Cherry Burrell Superhomo A125A) (Chicago, IL, USA). Emulsion stability was
determined by measuring the fat depletion at the bottom of a 100-mL graduated cylin-
der in 48 h at 4°C by Babcock fat analysis. Emulsions were whipped with a kitchen
mixer and aliquots removed each minute for overrun measurement, fat destabilization
by spectroturbidity, and particle size analysis (Mastersizer X, Malvern Instruments,
Malvern, Worcs, UK). Foam stability was assessed by removing aliquots after 2 min
of whipping and measuring collapse and drainage after 24, 48, and 72 h.

As protein concentration was increased from 0.085 to 0.75%, the mean fat
globule diameter decreased, leveling off at a d, , of 0.6 um at protein concentra-
tions greater than 0.75%. Emulsions with greater than 0.25% protein were found to
be stable to creaming under quiescent conditions. However, during whipping and
agitation, considerable differences were seen in the behavior of the emulsions (Fig.
4). Less than 10% fat destabilization was seen with protein concentration of greater
than 1%. However, with protein concentrations between 0.25 and 1%, substantial
destabilization was noted during the time course of whipping. Between 0.25 and
0.5% protein, the resulting foams showed little collapse or drainage over 72 h.
When the fat-globule size distribution in these emulsions was examined by a
Malvern Mastersizer X, it was evident that a small number of larger globules/clus-
ters had formed, which were responsible for the resulting foam stiffness. It was
thus concluded that a range of protein concentrations existed where the initial size
of the fat globule was small, the emulsion was stable to creaming in the quiescent
state, the emulsion formed significant fat destabilization during whipping and agi-

60

50
40
30
Fig. 4. Fat destabiliza-
tion, determined by
spectroturbidity, in
20% milk-fat emulsions
as a function of protein
concentration in the

N : " emulsion and time of
0 1 2 whipping in a kitchen

. . mixer at high speed
Protein concentration (%) (Ref. 16).

20

10

Fat Destabilization Index




Emulsion Partial Coalescence in Dairy Systems 205

tation, and the resulting foam was stable to collapse and drainage. This is very sig-
nificant, given that the fat content in these emulsions was only 20%.

The above research indicates the potential for the development of lower-fat
whipping creams for the retail market. Preliminary work has been conducted by us
to test the concept of altering the fat-globule membrane composition to affect
whipped cream formation and stability (16). Emulsions were prepared containing
18% w/w butterfat from sweet butter, 0.175-0.55% whey protein isolate (92% pro-
tein), 4.0-6.0% milk solids-non-fat (skim milk powder, 97% solids), 5.0-8.0%
sugar, and 0.45-0.60% stabilizer. The emulsions were prepared in two stages by
heating the butterfat, WPI, and a portion of the water to 70°C for 30 min, homoge-
nizing at 20.7/3.4MPa, cooling to 4°C, then blending with the skim milk powder,
sugar, stabilizer and remainder of the water, which had previously been heated to
70°C for 30 min and cooled to 4°C. Emulsion stability was tested by examination
of creaming after 24 h in a 100-mL graduated cylinder. Overrun and foam stability
were examined by whipping the emulsions with a kitchen mixer for 2 min. Several
combinations of WPI, sugar, and stabilizer produced emulsions that were stable to
creaming before whipping and produced stable foams after whipping. None, how-
ever, matched the control (35% fat real cream) for foam stiffness or consumer
mouthfeel. While this project was only a very preliminary examination of product-
development applications, it suggests that application of a two-step process of
membrane formation and post-homogenization blending with other desired ingre-
dients, particularly milk proteins not wanted at the fat interface, produced a stable
emulsion capable of being whipped into a stable foam.

Partial Coalescence in Ice Cream
Structure Formation

Ice cream is a complex food colloid that consists of air bubbles, fat globules, ice
crystals, and an unfrozen serum phase. The structure of ice cream (Fig. 5) begins
with mix as a simple emulsion, with a discrete phase of partially crystalline fat
globules at refrigerated temperatures, ca. 1 Wm in size, surrounded by an interfacial
layer comprised of proteins and surfactants. The continuous, serum phase consists
of the unadsorbed casein micelles in suspension in a solution of sugars, unadsorbed
whey proteins, salts, and high molecular weight polysaccharides. Homogenization
is responsible for a reduction in the size and size distribution of the liquid oil
droplets at hot temperatures, and begins the formation of the fat-globule mem-
brane, which initially consists of a random mix of amphiphilic molecules.
Crystallization of the fat droplets is initiated during cooling to aging temperatures
(4°C), and membrane formation is completed in the aging process (4-24 h) with
competitive displacement of proteins by added emulsifiers (27).

The mix emulsion is subsequently foamed in the continuous ice cream freezer,
creating a dispersed phase of air bubbles, and is concomitantly frozen, forming
another dispersed phase of ice crystals. Air bubbles and ice crystals are usually in
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Ice-cream mix Ice cream
(x10,000) (<x1000)

crystals

Partially-

Clhysiaiine Freeze- Air bubbles

fatemuision concentrated, and partially-
Solution of unfrozen coalesced fat
dissolved solution/glass
solutes

Fig. 5. A schematic representation of the structure of ice-cream mix and of ice cream.

the range of 20 to 50 um. The solutes and dispersed macromolecules in the serum
phase become freeze-concentrated, establishing an ice/unfrozen solution equilibri-
um based on freezing-point depression considerations. The partially-crystalline fat
phase undergoes partial coalescence during the concomitant whipping and freezing
process, resulting in a network of agglomerated fat that interacts with the air bub-
bles and gives rise to a semi-continuous solid-like fat structure throughout the
frozen product (27). This results in the beneficial properties of dryness upon extru-
sion during the manufacturing stages (aids in packaging and novelty molding, for
example), a smooth-eating texture in the frozen dessert, and resistance to melt-
down or good stand-up properties (necessary for soft-serve operations) (28-30).

Role of Surfactants

Emulsifiers are used in ice cream for: enhancement of fat-crystal nucleation during
cooling/aging; improvement of the whipping quality of the mix; production of a
drier ice cream to facilitate molding, fancy extrusion, and novelty/impulse manu-
facture; superior drawing qualities at the freezer to produce a product with good
stand-up properties; smoother body and texture in the finished product; and,
enhancement of melting resistance (27). Their mechanism of action can be summa-
rized as follows: they lower the fat/water interfacial tension in the mix, resulting in
protein displacement from the fat-globule surface, which in turn reduces the stabil-
ity of the fat globule to destabilization that occurs during the whipping and freez-
ing process, leading to the formation of a fat structure in the frozen product that
contributes greatly to texture and meltdown properties. The extent of protein dis-
placement from the membrane, and hence the extent of dryness achieved, is a func-
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tion of the emulsifier type and concentration. The loss of steric stability from the
globule, which was contributed from protein adsorption, particularly casein
micelles, accounts for its greater propensity for partial coalescence during shear
(11,24,31,32).

Due to the importance of the fat destabilization phenomena in ice cream, it
would be desirable to predict the extent of fat destabilization for a particular freez-
ing process from measurement of colloidal properties in mix. This would allow
ingredient suppliers and manufacturers to assess the impact of formulation changes
without extensive pilot-plant work. Since the effect of emulsifiers on fat destabi-
lization and the effect of emulsifiers on protein displacement from the interface of
fat droplets in emulsions are well-known (27), it seems plausible that adsorbed
protein measurements in mix should allow for the prediction of fat destabilization
subsequently occurring during the freezing of that mix under constant processing
conditions. Thus, the objectives of a recent research project in our laboratory were
to study the effect of emulsifiers on the structure of fat in ice-cream mix and ice
cream, the subsequent meltdown characteristics of the ice cream, and the correla-
tion between colloidal ice-cream mix properties and properties of ice cream (30). A
range of emulsifier types and concentrations was used to produce a series of ice-
cream mixes. Adsorbed protein on fat globules and fat particle size were measured.
After freezing, fat aggiomeration index, solvent extractable fat, fat agglomerate
size, microstructure in the frozen state, melting rate, and component analyses (pro-
tein and fat) of the melt were measured and correlated to mix property measure-
ments. '

Increasing levels of emulsification significantly depleted protein from the fat
globule in the mix. The adsorbed protein content in the mix (mg m=2 of fat surface
area) correlated with major characteristic analyses describing the fat structure in
ice cream (fat agglomerate size, fat agglomeration index, solvent extractable fat;
Fig. 6). Thus, the measurement of protein load in the mix can be used to predict
ice-cream-fat stability and related structure. Structural analyses indicated enhanced
interaction between fat and air as protein adsorption decreased. It was also
observed that the fat content in the dripped portion collected from a meltdown test
correlated well with other indices of fat destabilization.

Although the importance of fat destabilization to ice-cream structure is well-
known (27), it is not clear whether the appropriate schematic model for destabi-
lized fat networks is one of partially coalesced (clustered) fat globules adsorbed to
air bubbles, or fat clusters primarily in the bulk, or both. The role of coalescence in
fat destabilization is also not clear. Most of the measurements of fat destabilization
are done on melted ice cream. Thus, we recently completed a study, by low-tem-
perature scanning electron microscopy and freeze-substitution transmission elec-
tron microscopy with low-temperature embedding, of fat and air structures in ice-
cream samples containing differing degrees of fat destabilization (13). Variations
in fat destabilization were achieved by processing ice cream with three different
emulsifier concentrations in the formulation (no emulsifier; mono- and diglyc-
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Fig. 6. The effect of adsorbed protein in the mix on fat agglomeration index, solvent
extractable fat, and fat agglomerate size in ice cream (Ref. 30).

erides added; mono- and diglycerides plus polysorbate 80 added) and by three differ-
ent freezing techniques (batch freezing, continuous freezing at low back pressure,
and continuous freezing at high back pressure). Each of these variations was expect-
ed to have an impact on the formation of air bubbles and the degree of fat destabi-
lization exhibited in the ice cream, hence on the fat and air structures created.

Figure 7 shows the effect of protein adsorbed to the surface of the fat globule
on resulting ice-cream structure. High levels of adsorbed protein, especially casein
micelles, in the mix (Fig. 7A) impede fat adsorption at the air interface (Fig. 7C),
impede fat partial coalescence and network formation (Fig. 7E), leading to rapid
meltdown with recovery of mostly intact fat globules (Fig. 7G). However, low lev-
els of adsorbed protein in the mix (Fig. 7B) enhance fat adsorption at the air inter-
face (Fig. 7D), promote fat partial coalescence and network formation (Fig. 7F),
leading to slower meltdown as the fat network (Fig. 7H) must collapse after ice
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Fig. 7. The effect of adsorbed protein on structure of ice-cream mix, ice cream, and
melted ice cream. A-B, ice-cream mix with no surfactant and with added surfactant,
respectively, as viewed by thin-section transmission electron microscopy. f = fat glob-
ule, ¢ = casein micelle, arrow = crystalline fat, bar = 0.5 um. See Reference 24 for
methodology. C-D, ice cream with no surfactant and with added surfactant, respec-
tively, as viewed by low-temperature scanning electron microscopy. a = air bubble, f
= fat globule, bar = 4 um, See Reference 34 for methodology. E-F, ice cream with no
surfactant and with added surfactant, respectively, as viewed by thin-section trans-
mission electron microscopy with freeze substitution and low-temperature embed-
ding. a = air bubble, f = fat globule, ¢ = casein micelle, fc = fat cluster, bar = 1 pm.
See Reference 13 for methodology. G-H, melted ice cream with no surfactant and
with added surfactant, respectively, as viewed by thin-section transmission electron
microscopy. f = fat globule, ¢ = casein micelle, fn = fat network, bar = 1 um in G and
5 um in H. See Reference 24 for methodology.

crystals have melted. It could be concluded from this work that the appropriate
schematic model for fat and air structures in ice cream includes a significant con-
centration of discrete fat globules and clusters at the air interface, an important role
of protein at the air interface, clustered fat extending away from the air interface
into the serum phase, and clustered fat in the serum phase independent of the air
interface. Fat destabilization in ice cream includes both the processes of partial
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Fig. 7. (Cont.).

coalescence and coalescence, although examples of the former were much more
apparent. Air interfaces were not completely covered by fat globules, even with the
highest levels of fat destabilization. There did not seem to be significant fat spread-
ing or continuous fat layers at the air interface. Air interfaces from continuous and
batch freezing were similar.

Manipulation of the Adsorbed “Membrane”

As discussed above, partial coalescence of emulsified fat droplets is critical for
generating desirable ice-cream body and texture. In conventional ice-cream manu-
facture, the fat droplets are first stabilized by a thick coating of proteins, which is
subsequently displaced by small-molecule surfactant as the mix is aged. The result-
ing thin coating of surfactant allows close association of droplets and is necessary
for partial coalescence. We hypothesized in a recent research project that emulsify-
ing butterfat with minimal concentrations of milk proteins would generate quies-
cently stable fat droplets but with a droplet membrane thin or fragile enough to
undergo partial coalescence under conditions of shear (33). After homogenization
of the fat with the desired type and concentration of protein to create an emulsion,
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further ice-cream-mix components could be added as desired. Thus, emulsions cre-
ated from butter oil (25%) and minimal amounts of WPI and sodium caseinate
(0.2-0.7%) were characterized for particle size, protein surface concentrations, and
relative stability under shear as a first step in such a process.

At the same mix protein concentration, sodium caseinate emulsions had a slight-
ly smaller average particle size compared to WPI emulsions. Protein surface concen-
tration increased for both protein types with increasing protein levels in the mix.
Both proteins gave emulsions that were quiescently stable over the course of the
experiment at protein levels higher than 0.2%. The amount of partial coalescence
from shearing of the emulsions was found to decrease as the protein level increased
regardless of the protein type (Fig. 8). Thus, the lower the surface concentration of
protein, the greater the susceptibility to partial coalescence. At a given protein level,
WPI emulsions appeared to undergo more partial coalescence than sodium caseinate
emulsions when subjected to whipping action (Fig. 8). This is likely attributed to the
amphiphilicity and flexibility of the casein molecules, allowing them to form a
tighter coating on the fat droplets. As considerable partial coalescence is desirable in
ice cream, the lower the protein surface concentration, the better for an ice-cream
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Fig. 8. The effect of adsorbed protein type and concentration on the destabilization of
emulsions during whipping. O, whey protein isolate emulsions; 8, sodium caseinate
emulsions (33).



212 H.D. Goff

emulsion. However, quiescent stability must also be considered, and as mentioned
0.3% protein was found to be the lower threshold for generating a quiescently stable
emulsion under these experimental conditions. From the above experimentation, it
appears that WPI at minimal surface concentration would be more suitable than sodi-
um caseinate as an ice-cream emulsifier system.

Conclusions

Emulsion stability is required in many dairy applications, but not all. In products
like whipped cream and ice cream, the emulsion must be stable in the liquid form
but must partially coalesce readily upon foaming and the application of shear. The
structure and physical properties of whipped cream and ice cream depend on the
establishment of a fat-globule network. In cream whipped to maximum stability,
partially coalesced fat covers the air interface. In ice cream, partially coalesced fat
exists both in the serum phase and at the air interface; also, there is more globular
fat at the air interface with increasing fat destabilization. Partial coalescence occurs
due to the collisions in a shear field of partially crystalline fat-emulsion droplets
with sufficiently-weak steric stabilization (low level of surface adsorption of
amphiphilic material to the interface per unit area). To achieve optimal fat crys-
tallinity, the process is very dependent on the composition of the triglycerides and
the temperature. It is also possible to manipulate the adsorbed layer to reduce steric
stabilization to an optimal level for emulsion stability and rapid partial coalescence
upon the application of shear. This can be done either by addition of a small-mole-
cule surfactant to a protein-stabilized emulsion or by a reduction of protein adsorp-
tion to a minimal level through selective homogenization.
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Chapter 19

Solidification Processes in Chocolate Confectionery
Manufacture

Gregory R. Ziegler

Department of Food Science, Penn State University, 116 Borland Lab, University Park, PA
16802

Introduction

The phenomena of crystallization and solidification when applied to chocolate
confectionery can be conveniently separated into the unit operations of tempering,
sometimes referred to as pre-crystallization, and cooling or bulk crystallization
(Fig. 1). The objective of tempering is the production of the right amount of crystal
“seed” (weight percentage) of the appropriate size (or number) in the proper poly-
morphic form—ideally, 1-3% of small crystals of form V (B) evenly distributed
throughout the mass. The precise path to obtaining these conditions is highly
dependent on thermal history and shear, the effect of which is little understood.

Tempering

!

Forming

'

Cooling

!

Packaging

:

Distribution

Fig. 1. Chocolate-forming operations.
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During cooling, the bulk of the triacylglycerols is deposited on the “seed,” forming
a coherent fat crystal network. However, crystallization is not completed with
cooling (1). We routinely store chocolate at 19°C for at least 1 wk before measur-
ing physical or sensory properties, since they are generally not stable before this
time. Furthermore, re-crystallization occurs during storage and distribution, often
resulting in the quality defect known as fat bloom. At room temperature, only
about 75% of the cocoa butter in chocolate (or cocoa butter and milk fat in milk
chocolate) is solidified. The presence of a liquid phase and a distribution in fat
crystal size promote Ostwald ripening, where larger crystals grow at the expense of
smaller ones.

Manufacturing confectionery is nothing short of controlling crystallization,
and given the value of chocolate, it is not surprising that in the area of crystalliza-
tion of lipids a large amount of attention will be directed to cocoa butter. Much has
been written on the subject of polymorphism under both dynamic (tempering) and
static (bloom) conditions. Therefore, here is presented a study strictly concentrat-
ing on a review of approaches to bulk crystallization. The correct model, at least
for bulk crystallization, is probably not what you find in most chemical engineer-
ing texts, which seem to focus on crystallization for separations, but comes from
the materials area, most particularly metals casting (2).

Crystallization in Chocolate

Crystallization events in chocolate manufacture include tempering (pre-crystalliza-
tion), cooling (bulk crystallization), and bloom (re-crystallization). These process-
es influence a number of important technological (economic) and sensorial attrib-
utes of chocolate (Table 1). Much attention has been focused on bloom formation
and its influence on color and gloss, and for good reason, since a consumer may
never even buy, let alone eat, a “moldy-looking” confection. However, we are less

TABLE 1
Important Attributes of Chocolate Confectionery Influenced by Crystallization
Processes

Bloom Resistance (and hence shelf life)
Coating weight control (yield)
Color

Contraction from molds
Susceptibility to “fingerprinting”
Gloss

Melt rate (and hence flavor)
Productivity (production rates)
Smearing

Snap

Texture (hardness, grain}
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able to quantitatively describe the crystal structure that leads to desirable attributes. For
example, the failure properties, commonly referred to as “snap,” will depend on fea-
tures of the fat crystal network and its interaction with the nonfat particulate phase.
Texture will also depend on the “grain size”—the most obvious example being a badly
bloomed chocolate with large fat crystals, often described as “crumbly.” But short of
this extreme, we know very little of how the microstructure influences, for example,
melt rate and flavor perception. Perhaps crystal morphology plays a role. Rousset and
Rappaz (3) have observed several crystalline microstructures during the solidification
of POS (the triacylglycerol 1-palmitoyl-2-oleoyl-3-stearyl-sn-glycerol) and have pub-
lished the results in the form of morphology maps.

Reviewing and synthesizing the literature on chocolate solidification present
some challenges, the first of which is to accurately define the system under study.
Due to its complexity, little published information is available on chocolate per se.
Instead, model systems usually consisting of purified triacylglycerols and mixtures
thereof are the object of investigation. Figure 2 illustrates the hierarchy in these
systems, with the degree of complexity increasing from bottom to top. The extrap-

Composite Products
(lipid migration)

[y

Chocolate

(emulsifiers, particles)
fF 3

Cocoa Butter/Fat Blends
(milk fat, vegetable fats)

r 3

Cocoa Butter
(refined, natural, source)

1
Mixed Triacylglycerols

I 3

Fig. 2. Systems used for the investigation

= of crystallization in “chocolate.” The
Pure Tnacyl glycerols degree of complexity increases from bot-

(SSS’ POS, POP, SOS) tom to top. Complicating factors are

identified in parentheses.
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olation of results obtained with pure triacylglycerols to chocolate is questionable.
For example, the presence of a particulate phase with a large exposed surface area
will undoubtedly alter crystallization kinetics. Rousset and Rappaz (4) reported
that the simple substitution of aluminum pans for glass pans during differential
scanning calorimetry (DSC) altered the crystallization kinetics of POS, and emulsi-
fication generates surfaces that promote polymorphic transformations (5). It is like-
ly that nonfat particles in chocolate will have similar effects.

In addition to the compositional differences between the systems under study,
environmental conditions vary. Thermodynamics and kinetics are both required for
a complete understanding of crystallization, i.e., both temperature and cooling rate
are important. Crystallization kinetics is often followed using DSC in either an
isothermal (quenched) or time-variant mode. Furthermore, with this technique, the
sample experiences static conditions, i.e., no mechanical shear, and in this respect
is unrepresentative of commercial practice. The dramatic effect of shear is illustrat-
ed by the process of chocolate panning, where because of the shear during tum-
bling of the centers a “self-tempering” occurs in the pan (6). A shortening of
induction time for crystallization and an acceleration of polymorphic transitions
have been demonstrated in chocolate under shear (7,8). Local temperatures may
vary due to evolution of the latent heat of crystallization. The effect of shear may
be partly explained by its influence on local heating/cooling rates. The effects of
shear are most significant in the tempering process and for bulk crystallization can
probably be ignored, although this may not be the case with frozen cone molding.
It is generally assumed that crystallization processes occur at a constant pressure
close to atmospheric. However, the injection molding of chocolate operates at
about 15 MPa (9), and pressure tempering machines operating between .17-1.0
MPa are available (10). However, little published information exists on the pres-
sure-dependence of the phase or state diagrams of cocoa butter.

Solidification of Chocolate

After forming, bulk crystallization is generally accomplished in a cooling tunnel
(Fig. 3). Solidification proceeds through the deposition of triacylglycerols onto the

“Radiation” Convection

|
— YYYYDY |

Fig. 3. Cooling tunnel. Product flow is from left to right. First zone is equipped with a
“radiation plate” or heat sink.
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previously formed “seed” crystals. The function of the cooling tunnel is the effi-
cient removal of the latent heat released during this crystal-growth phase. Cooling
is usually accomplished in zones. For chocolate products (vis-a-vis coatings), a
gradual initial cooling is recommended to avoid nucleation of unstable polymorphs
that may cause fat bloom later. Some tunnel manufacturers claim to use “radiant”
cooling in this first zone. However, radiation as a mode of heat transfer is really
only efficient at large AT; calculations estimate that only about 7% of the cooling
load would be transferred radiantly in a chocolate cooling tunnel (11). In the first
zone, heat is transferred principally by conduction and natural convection from the
product to the surrounding air at ca. 25°C. A second zone employing forced con-
vection at 10-15°C removes the bulk of the heat from the crystallizing product.
The final zone is operated at slightly warmer temperatures to avoid condensation
of moisture onto the product as it leaves the cooling tunnel.

Modeling Chocolate Solidification

A comprehensive model for solidification would necessarily require fully-coupled,
three-dimensional fluid flow, heat transfer, and solidification kinetics. For opera-
tions like drop forming and enrobing, the geometry is free form, and so finite ele-
ment modeling would seem the best approach.

With the object of making the bulk solidification of chocolate a less empirical
process, several models for the temperature distribution or heat evolution during
cooling have been proposed. The challenge is to account for the latent heat of
fusion that is evolving as a function of the degree of crystallization. This has been
accomplished by either including an internal heat generation term (12), Q, or by
modeling an effective specific heat (13), C,cfe (Eqs. 1 and 2, respectively).

aT
pC, = = V(YD) +Q [1]

or
PCy e 5 = VAVT) [2]

Franke (12) proposed a model for the calculation of the bulk crystallization
and temperature variation within a chocolate coating during cooling with the intent
to relate cooling kinetics to the finished product quality. The final quality of an
enrobed product is generally evaluated on the basis of gloss, degree of solidifica-
tion (propensity for fingerprinting and smearing), and coating thickness. The goal
was optimization of product quality and tunnel productivity (minimized cooling
time). Franke’s (12) model was a numerical calculation in one dimension of the
unsteady-state temperature distribution. The enrobed center and the chocolate coat-
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ing were assumed to be even, infinite slabs. Franke assumed that the coating was
well-tempered, with an initial uniform temperature between 30-32°C. The initial
center temperature was assumed uniform between 18-26°C. Heat transfer coeffi-
cients and the dependence of the thermal conductivity of the chocolate on tempera-
ture were taken from literature values. The heat flux at the coating-center interface
was calculated from an energy balance. The most unique aspect of the model was
Franke’s approach to calculating the specific enthalpy of crystallization per unit
time.

Franke (12) assumed: (i) that no sharp crystallization front occurs within the
coating and, therefore, temperature and crystallinity change simultaneously
throughout the coating, (ii) no additional nucleation occurs during cooling, and (iii)
the specific enthalpy of crystallization can be expressed as a function of tempera-
ture and the sum of the heat already evolved [¢(T, Q)]. These assumptions lead to
the conditions: ¢ = 0 for T (t,x) > T, (i.e., no heat evolved above the melting tem-
perature), and g = 0 for 0 > @, (i.e., no more heat evolved when the total evolved
equals the latent heat of crystallization). These conditions were then implemented
as the product of two functions f,(Q) and f,(T). The form of f,(Q) is shown in
Figure 4. The dependence on temperature, f,(T), was modeled as a simple linear
function of the degree of undercooling, f(T,, - T) (Fig. 5). The ultimate result was
a model with 3-5 adjustable parameters (depending on whether T, and @, are fit
or measured independently).

The model parameters were estimated by fitting cooling curves of enrobed
model bodies cooled in a laboratory tunnel under different conditions (12). Using
the best fit parameters, the model was able to reproduce the cooling curve (temper
curve) for chocolate reasonably well, including the “plateau phase,” where the bulk
of the latent heat is released. The maximum rate of cooling on the coating surface
was correlated to coating gloss; excessively high cooling rates are related to dimin-
ished gloss. Simulations of the cooling of chocolate-coated cookies in either a one-
or two-zone cooling tunnel, with or without forced convection, predicted the gen-
eral profile of heat evolved as a function of time (distance) in the cooling tunnel,
and suggested optimal time-temperature combinations for zone 1 and zone 2, as
well as, optimal initial center temperature.

Q)
flm

Fig. 4. Dependence of the
specific enthalpy of crystal-
lization on the heat of
fusion already released

0 e — 0, (after Ref. 12).
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SAT)

Fig. 5. Dependence of the
specific enthalpy of crystal-
lization on temperature

i & Tm (after Ref. 12).

Franke’s model suffers from the drawback that it is highly empirical in nature and
relies on five adjustable parameters. Since it assumes the chocolate entering the cooler
is well tempered, it cannot provide insight into the behavior of poorly tempered prod-
ucts. The assumption that there is no sharp crystallization front limits its utility to thin
geometries. Finally it assumes a single melting point and constant total heat of fusion,
but these values have been shown to vary with cooling rate (7).

Employing the approach in Equation 2 and the finite element method,
Tewkesbury et al. (13) modeled the cooling of chocolate. The effect of temperature
on physical properties was determined from liner interpolation of known data. An
initial uniform temperature was assumed, and heat transfer coefficients at the upper
and lower boundary were calculated from cooling curves using paraffin wax. Two
methods were used to model the latent heat release: (i) Cp(7T) at a single cooling
rate corresponding to the nominal cooling rate of the tunnel and (i) Cp(7, dT/dp),
with the cooling rate at an integration point calculated from the difference in the
temperature at the current and previous time steps. The local cooling rate was
smoothed using a simple moving average of six points to avoid oscillations.

The use of Cp(T) at a constant average cooling rate was unable to accurately
predict the experimental temperature profile in the “plateau zone” (13), with tem-
perature deviations as high as 2.7°C. The accuracy of the model, especially in the
phase change region, was improved so that deviations were less than 0.7°C by
incorporating the cooling rate dependence of Cp. However, experimental and pre-
dicted temperature profiles diverged at the lowest (0.5°C/min) and highest
(4.0°C/min) cooling rates. The authors suggested that at an average cooling rate of
0.5°C/min local cooling rates may have fallen outside the range of their experimen-
tal Cp(T, dT/dt) data (i.e., to <0.1°C/min), especially in the phase-transition region,
and this extrapolation caused significant error. The error at high cooling rates was
attributed to inherent inaccuracies in the model, i.e., cooling rate is a path function
and cannot be expected to estimate a state function such as enthalpy with total
accuracy (13).

In the absence of a full kinetic description of the crystallization process, the
assumption that the solidification of chocolate can be modeled using effective heat
capacity data as a function of temperature and cooling rate is an acceptable engi-
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neering approximation over the cooling rate range of commercial concern (13).
However, large volumes of data would be required to account for all the potential
changes in formula that may influence Cp (e.g., cocoa butter source and milk-fat
level).

Rousset and Rappaz (3) have attempted to provide a kinetic description of the
crystallization of triacylglycerols using an Avrami-type expression (Eq. 4):

0=F() 31
£ =1~ exp(-bt") 4]
£,1= 1 - expl=b(T)(®, + 31yT] (5]

where b(T,) and n(T,) are determined from isothermal DSC data. The temperature
dependence of f, under nonisothermal conditions was based on the decomposition
of the cooling curve into small time steps, 8¢, where the temperature was assumed
constant. This additivity principle using empirical data from time-temperature-
transformation (TTT) diagrams was able to predict solidification times for non-
isothermal cooling trajectories.

Rudnicki and Niezgédka (14) modeled temperature-induced phase transitions
(crystallization and melting) in cocoa butter during DSC analysis employing a phe-
nomenological rate model to predict heat flow and a cellular three-dimensional model
to describe spatial distribution of temperature. The transition between the liquid and
crystalline states is described by a bistable thermodynamic potential, with the equilib-
rium distribution given by the difference in the thermodynamic potential of the two
states according to the Boltzmann distribution. Process dynamics are controlled by a
barrier height according to an Arrhenius-type relationship (15). The model assumed
that phase transitions between polymorphic forms I-V are not direct but occur through
the liquid phase (a point repeatedly discussed during the symposium). It also assumed
that form VI cannot form directly from the melt, so melting of this form is the only
process to be accounted for, and that different triacylglycerols crystallize in various
polymorphic forms, determined only by the temperature and the rate of cooling. Only
the melting temperature and heat of fusion are required, with the time scale of the
experiment varied by the choice of the Arrenhius coefficient.

Rudnicki and Niezgédka (14) produced reasonably accurate simulated DSC
scans including those of varying initial phase content. For example, a system ini-
tially containing 70% form V and 30% of form IV revealed two endothermic
peaks, with an exothermic crystallization peak between them. Complex thermo-
grams initially containing 25% each of forms I-IV predicted the actual formation
of form V via polymorphic transformation during the DSC experiment. This is
something we have actually observed and should be considered by all who use
DSC to evaluate the solid state of lipids. Segregation of triacylglycerol species
accompanies bulk crystallization and results in a melting range for crystallites of
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the same polymorphic form due to the varying composition. Under some circum-
stances, crystallization may even lead to phase separation (16). These conditions
are not accounted for in this simple model.

Rheology in the Semi-Solid State

Tewkesbury et al. (13) assumed that negligible fluid movement occurs during
cooling since chocolate is a highly non-Newtonian fluid with very high viscosity at
low shear rates. While this might be the case for solid molded items, flow does
occur during the drop forming, enrobing, and frozen cone molding, and a complete
model of solidification may require coupled fluid flow equations. Here, too, an
approach from the metallurgical literature may help (17-20).

Conclusions

The hope is that quantitative process modeling will lead to general insights or specific
information that would help manufacturers optimize processes. In this regard, the
approach of Franke (12) to link the quantitative modeling to product quality is note-
worthy. Modeling may be particularly helpful in the analysis of new technologies, like
frozen cone molding, that have not been optimized through years of experience.
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Chapter 20
Polymorphism and Texture of Fats
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Introduction

The texture of fat is influenced by a number of factors, including fatty acid and
glyceride composition, solid fat content, crystal size and shape, nature of the crys-
tal network, polymorphism, mechanical treatment, and temperature history (1).
Many of these factors are interrelated, making it difficult to establish the indepen-
dent effect of each. It is well recognized that different fats preferentially occur in
either B’ or B form (Table 1).

The three main polymorphic forms are o, B, and B (Fig. 1). The o form is
very unstable and may be present during processing, but processed fat products,
such as margarines and shortenings, are present in either B’ or B form, or both. The
metastable B’ form may persist in such products almost indefinitely or change
slowly into the stable B form. For margarines and most shortenings, the B’ form is
the preferred one because the crystals are small, whereas conversion to the B form
results in formation of very large crystals. The transformation from B’ to B may
proceed in the solid state or via the liquid form as indicated in Figure 2. The mech-
anism of the transformation has been suggested by Riiner (2); it involves the rota-
tion of the fatty acid chains (Fig. 3). Considering the massive change in crystal
size that is often observed when B crystals are formed, it is unlikely that it is hap-
pening as a solid-state conversion.

Effect on Texture

The most noticeable effect of B crystal formation is the increase in crystal size,
which leads to an increase in hardness and loss of spreadability. In extreme cases

TABLE 1
Crystal Form of Fully Hydrogenated Fats in Their Most Stable State
p B
Cottonweed Soybean
Palm Sunflower
Tallow Canola
Rape Lard
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Fig. 1. Polymorphic forms of fats.

the product becomes brittle and crumbles under applied pressure. Other conse-
quences of this increased crystal size are changes in appearance and flavor release.
When crystals grow, the color is moved into the liquid position and the size of the
crystals may become visible to the naked eye. A similar change affects flavor. As
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Fig. 2. Polymorphic transition pathways.

the crystals grow, it becomes more difficult to perceive the flavor in the mouth. In
shortenings, creaming properties may be diminished. In soft (tub) margarines, the
change to the B form can also be perceived by the naked eye, the initial surface
gloss of the product changes into a dull appearance.

Factors Affecting 3 Crystal Formation

A great deal of information about polymorphic changes has been obtained from
studying pure triacylglycerols (TAG). However, in commercial fats, especially if
they contain several ingredients, it may be more difficult to predict the likelihood
of B crystal formation to occur. Factors that influence the stability of the 8’ poly-

W
e W

Fig. 3. Mechanism of the B’ to B transformation of fats according to Riiner (Ref. 2).



228 J.M. deMan and L. deMan

morph are: fatty acid chain-length diversity, TAG carbon-number diversity, TAG
structure, presence of specific TAG-PSP and PEP, level of liquid oil present, tem-
perature fluctuations during storage.

Plastic fats contain solid fat crystals and varying levels of liquid oil. Most of
the factors mentioned above relate to the solid portion of the fat, but the liquid por-
tion also plays a role in determining [’ stability. Indirectly, therefore, high solid fat
content is a factor in determining B’ stability.

It is well known that sunflower oil, when partially hydrogenated, produces a
margarine with very poor texture. Before the development of canola from rapeseed,
the polymorphic properties of partially hydrogenated rapeseed oil were very desir-
able. Canola margarine was found to be prone to form B crystals as does sunflower
margarine. Examination of the fatty acid composition of these oils (Table 2) indicates
that rapeseed oil had much greater fatty acid chain-length diversity than canola oil.
Table 3 demonstrates the similarity in fatty acid chain-length distribution of canola
and sunflower oils. For most oils and fats used in the food industry, chain-length
diversity relates to the ratio of 16 and 18 carbon fatty acids. The higher the level of
palmitic acid, the more likely the fat will be stable in the B’ form. Table 4 lists the
palmitic acid content of some vegetable and animal fats. Cottonseed and palm oil
have the highest palmitic acid content. Most animal fats, including human fat, con-

TABLE 2
Fatty Acid Composition of Rape and Canola Oils
Fatty acid Rape Canola

16:0 3 4
18:0 1 2
18:1 17 58
18:2 14 21
18:3 9 1
20:1 1 2
22:1 45 <1

TABLE 3
Fatty Acid Composition of Canola and Sunflower Oils
Fatty acid Canola Sunflower

16:0 4 4
18:0 2 3
18:1 58 34
18:2 21 59
18:3 11 —
20:1 2 —

22:1 <1 —
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TABLE 4

Palmitic Acid Content of Some Fats and Qils (%)
Canola 4
Soybean 11
Olive 14
Cottonseed 29
Palm 44
Chicken 24
Beef 28
Milk 25
Human 27

tain 25-27% palmitic acid. The lower the palmitic acid content of an oil, the higher
will be the level of 54 carbon glycerides in the solids after partial hydrogenation.
Table 5 lists the polymorphic tendency of the major solid TAG in vegetable mar-
garines and shortenings of 16 and 18 carbon chain lengths. The 48 and 54 carbon
TAG are B formers; the 50 and 52 carbon ones are 8’ formers. The TAG composi-
tion by carbon number of some vegetable oils is shown in Table 6. As the number
of 54 carbon TAG decreases, there has to be an increase in 50 and 52 carbon TAG,
resulting in increased f’ stability of the crystals in the hydrogenated oil.

There is another effect of B crystal formation that has received far less atten-
tion than the change in crystal morphology. This is the change in melting point.
When TAG change into the B form, there is a considerable increase in melting
point (Table 7). The TAG PSP is unique in that it does not have a § form. The
presence of PSP in a fat, therefore, will be an important factor in stabilizing the B’
form. Closer examination of the melting points of the polymorphs of TAG (Table
8) shows that the melting point increase varies for different TAG from a low of 4.5
to a high of 16.9°C. In the case of SOO (for abbreviations of TAG, see Table 5),
the melting point increases from 8.8 to 23.7°C, which undoubtedly influences the
solid fat content and texture of a product containing this TAG. We found that the
hardness of a fat containing solids with a lower melting point is lower than a fat
containing the same percentage of solid fat with a higher melting point.

TABLE 5
Polymorphic Tendency of the Major Solid Triacylglycerols (TAG) in Vegetable
Margarines and Shortenings of 16 and 18 Carbon Chain-Length Fatty Acids®?

Carbon Triacylglycerol Polymorphic form
48 PPP B
50 PSP B’
52 PSS p
54 SSS

“Elaidic acid can replace stearic acid (S) to yield the same polymorphic form, P, S.

bFor TAG shorthand description: P = palmitic acid; S = stearic acid; O = oleic acid; L = linoleic acid; U = unsaturat-
ed fatty acid.
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TABLE 6 _
TAG (carbon number) Composition of Vegetable Oils?

50 52 54 56 58
High-oleic sunflower 2.0 15.0 80.6 1.0 1.3
Sunflower 2.8 20.2 75.1 7 9
Olive 4.7 27.7 66.7 9 —
Peanut 5.5 30.9 54.2 5.3 3.0
Main TAG 16-18-16 16-18-18 18-18-18 18-18-20 18-18-22

aSee Table 5 for abbreviation.

The transformation of crystals from the B’ to the B form takes place in the
solids present in a fat. However, the rate of this transformation is greatly influ-
enced by the amount of liquid oil in the fat. A suitable method to estimate the B’
stability of a fat is temperature cycling. An example is given in Table 9, where
palm oil products were subjected to temperature cycling between 4 and 20°C. A
cycle may take two or more days. The polymorphic forms can be measured at the
end of each cycle. A product such as hydrogenated palm oil or palm olein will
show no presence of § polymorphs after four cycles. Palm oil and palm stearin will

TABLE 7

Melting Points of the B’ and B Form of Some TAG?
TAG Carbon number B B
PPP 48 56.7 66.2
S8S 54 64.2 73.5
PSP 50 68.8 —
POP 50 30.5 45.3

2See Table 5 for abbreviations.

TABLE 8

Melting Points of the " and B Form of TAG?
TAG B B A
SSS 64.2 73.5 9.3
PPP 56.7 66.2 9.5
PSP 68.8 — —
SOS 36.7 41.2 4.5
SO0 8.8 23.7 149
POP 30.5 353 4.8
000 -11.8 5.1 16.9
LOO -28.3 -23.3 5.0
LLO -3.02 -25.2 5.0

2See Tables 5 and 7 for abbreviations.



Polymorphism and Texture of Fats 231

TABLE9
Polymorphic Forms of Some Palm Oil Products Temperature Cycled Between 4 and
20°C?

Polymorphic form

Product DP Cycle 1 Cycle 4
Palm oil 38.6 B B >>>p
Palm stearin 53.5 B >> B >>
H-palm oil 54.9 g’ B
H-palm olein 54.6 B’ B

2DP = dropping point; H = hydrogenated.

show the presence of B crystals after four cycles. When some of these products are
diluted with liquid canola oil (Table 10), hydrogenated palm olein remains in the B’
form after four cycles even if diluted in a 20:80 ratio with liquid canola oil.
Hydrogenated palm oil shows development of B crystals at a dilution ratio of
25:75. This trend is even more pronounced for palm oil even after only one cycle.

The difference in B’ stability of palm oil, palm olein, and palm stearin can be
explained by differences in TAG composition. Palm oil contains about 6% of tri-
palmitin, a B former, which upon fractionation goes mostly into the stearin, leaving
the olein with mostly 50 and 52 carbon TAG, which after hydrogenation are all '
formers (Table 11). One of the major TAG in palm oil (and olein) is POP, which
on hydrogenation yields PSP. This is the TAG with exceptional B’ stability. Upon
partial hydrogenation, POP is transformed into PEP (E = elaidic acid), which we
have found to have the same P’ stabilizing effect as PSP (3,4). This was confirmed
by Elisabettini et al. (5), who synthesized PEP, EPP, and PEE and found no B form
in any of these TAG.

TABLE 10
Polymorphic Behavior of Hydrogenated Palm Oils Diluted with Canola Oil?
H-palm olein Liquid oil Polymorphic form Cycle
40 60 B 4
30 70 % 4
20 80 B 4
H-Palm oil
30 70 p’ 4
25 75 B=p 4
Palm oil
80 20 B>>p 1
60 40 B>p 1

2See Table 9 for abbreviation.



232 J.M. deMan and L. deMan

TABLE 11
Major TAG of Palm Qil?

Melting points

TAG Carbon number % B’ B

PPP 48 6.0 56.7 66.2
PPS 50 .0 59.9 62.9
PSP 50 0.5 68.8 —

POP 50 26.0 30.5 355
PPO 50 6.0 354 40.4
PLP 50 7.0 18.6 NA
POO 52 19.0 14.2 19.2
POS 52 3.0 33.2 38.2
PLO 52 4.0 NA NA
000 54 3.0 -1.8 5.1

aNA, not applicable. See Table 5 for abbreviations.

In addition to hydrogenated palm olein, hydrogenated palm mid fraction is an
excellent ingredient for high-stability plastic fat products. Palm mid fraction is
even higher in POP than palm olein.

It has been found that the recommended cycling temperatures for different
types of plastic fat products depend on the nature of the product (Table 12). An
example is given in Table 13 of a cycling experiment with a corn-canola oil soft
margarine using temperature cycles 4-15 and 4-20°C. The product is B’ stable
using the 4-15°C cycling but shows development of P crystals when using the
4-20°C cycling.

The level of 54 carbon TAG is important in establishing the 8’ stability of plastic
fat products made from commonly used vegetable oils and as a consequence the tex-
tural quality of these products. Table 14 shows the TAG composition of a variety of
stick margarines and its effect on polymorphism (6). Products that are B’ stable have
54 carbon TAG levels in the high melting glycerides (HMG) of below 50%. At levels
over 50% the product will crystallize in the B form (7). Table 15 gives the relationship
between 54 carbon TAG in the high melting glycerides of soft margarines and their
polymorphic forms (8). In this case the influence of the high liquid oil content of the

TABLE 12
Recommended Cycling Temperatures for Testing B’ Stability of Plastic Fat Products
Formulation Cycling Temperatures (°C)
Margarines Soft 15-4
Soft stick 204
Normal stick 25-4

Shortening 30-20
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TABLE 13
Polymorphism of a Corn-Canola Oil Soft Margarine Temperature Cycled Between 4 and
15°C and 4 and 20°C

Cycled between 4 and 15°C Cycled between 4 and 20°
Cycle 1 i p
Cycle 2 B B<p

margarines is evident. None of these products is completely in the B’ form. The
canola soft margarine is completely in the B form. The canola-palm soft margarine
contains insufficient nonhydrogenated palm oil to reduce the TAG 54 in the high-
melting glycerides to below 50%. The nonhydrogenated margarine is unusual in
that it contains only 9.3% TAG 54 in the solid fraction and 1.1% in the HMG. This
is because the solids are made up of modified palm and palm kernel oils in 90% of
liquid oil.

The TAG 54 levels in the high melting glycerides of some shortenings and their
polymorphic forms are listed in Table 16. Products with TAG 54 levels in the high-
melting glycerides of less than 25% are [}’ stable. This is usually achieved by incor-

TABLE 14
TAG Carbon Number Composition (%) of the High-Melting Glycerides of (HMG) Stick
Margarines and Their Polymorphic Form?

TAG—carbon numbers

Polymorphic form

Ingredient oils 48 50 52 54 of margarine
Canola — 22 19.8 69.2 B
Canola-palm 3.1 3.1 15.5 68.9 B
Canola-H palm 7.3 12.8 20.2 51.1 B
Soy — 7.7 38.2 50.8 B’
Corn — 7.6 42.6 46.8 B’

%See Table 5 for abbreviations.

TABLE 15
TAG 54 Levels (%) in the High-Melting Glycerides of (HMG) Soft Margarines and Their
Polymorphic Form?

TAG 54 in HMG .
Polymorphic forms of
Ingredient oils Solids HMG margarine solids
Soy 58.9 56.8 B>>B
Canola 71.7 68.4
Canola-palm 58.3 56.9 B=B
Nonhydrogenated 9.3 1.1 B=p

2See Table 5 for abbreviations.
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TABLE 16
TAG 54 Levels (%) in the High-Melting Glycerides of (HMG) Shortenings and Their
Polymorphic Form

Ingredient oils TAG 54 in HMG Polymorphic form
Soy 53.9 B
Soy-palm 19.4 i
Canola-palm 44.3 B<<p
Canola-soy-palm 21.5 B’
Palm-vegetable 10.1 g

poration of hydrogenated palm oil. The importance of chain-length diversity in
improving the physical properties of margarines has been emphasized (9). They con-
cluded that oils that contain a high level of palmitic acid containing TAG contribute
to products with favorable melting characteristics and crystallization behavior.

The TAG 54 level in a fat is an important factor in establishing B’ stability or the
lack of it. Fatty acid chain-length diversity in an oil is the determining factor in TAG
54 levels. Interestingly, chain-length diversity within glycerides is not the only factor.
Chain-length diversity between glycerides also plays a role. In a fat that is high in
TAG 54 and, therefore, a 3 former, inclusion of palm stearin which contains high lev-
els of tripalmitin (C48), also a § former, will promote greater ' stability (3).

The distribution of fatty acids in the TAG of natural fats also determines their
polymorphic behavior and, therefore, the texture of these fats. This is exemplified by
the difference between lard and tallow (Table 17). Lard has none of the symmetric
SUS glycerides, whereas in tallow there is 21%. The result (Table 18) indicates that
lard crystallizes in the  form and tallow in the B’ form. The levels of TAG 54 and
16:0 in the high-melting glycerides of these fats are roughly similar.

TABLE 17
Positional Distribution of Fatty Acids in the TAG of Lard and Tallow (%)?
SSU usu SuUS
Lard 29 36 0
Tallow 1 3 21

2See Table 5 for abbreviations.

TABLE 18
TAG Composition (%) and Polymorphic Form of Lard and Tallow?
TAG 54 in HMG 16:0 in HMG Polymorphic form
Lard 12.9 36.4 B
Tallow 17.1 33.2 B

#See Table 5 for abbreviations.
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TABLE 19
Polymorphic Form in Tempered Shortening

Week 1 Week 5
Treatment temperature (°C) B B p B
23°—isothermal 100% — 100% —
26.5°—9d 100% —_ 62% 38%
30°—9d 73% 27% 64% 36%
10°—9d 100% —_ 100% —

Temperature treatment of fats can have a profound influence on the B’ stability of

fats. Even usually B’ stable fats may transform wholly or partially to the § form when
subjected to temperature fluctuations during storage. It is customary to temper short-
enings for several days, usually at a temperature above which they are processed, but
not higher than 28°C. Ideally, tempering should not lead to the formation of B crystals.
A tempering experiment with a commercial shortening (Table 19) indicated that at
23°C there is no P crystal formation, and this is also true for storage at 10°C.
Tempering at 26.5°C causes the formation of f crystals after week 5 and tempering at
30°C results in P crystal formation within the first week of tempering (10).
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