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This study demonstrates how chemically interesterified hydrogenated palm oil (IHPO) and partially
hydrogenated palm oil (PHPQ) can be structured to have similar mechanical properties. Crystallization
of IHPO at 30 °C for 24 h yielded a fat with a solid fat content (SFC) of 45% and a yield force of 51.5
N. On the other hand, PHPO had a SFC of 50% and a yield force of 44 N when crystallized under
the same conditions. The result was opposite from what would be expected from the SFC point of
view, thus suggesting that the microstructure of the fat plays a key role in determining mechanical
properties. By matching crystallization behavior using the Avrami index as a guide, microstructures
and material hardness were successfully matched. These results suggest that the dynamics of
structure formation was a key factor influencing the macroscopic mechanical properties of palm oil-
based fats.
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INTRODUCTION EXPERIMENTAL PROCEDURES

: : Source Materials. IHPO, PHPO, and PH(PO/PS) were the three
Th xtural attri f margarin n r r k ' '
€ textural attributes of margarines and spreads are a eyfat samples supplied by Nestlé Product Technology Centre Kemptthal,

factor influencipg consumer acceptabili.ty. Thus, an qndergtand- Nestec Ltd., Kemptthal, Switzerland.

ing of the relationship between crystallization behavior, micro-  pysed Nuclear Magnetic Resonance (PNMR) Spectroscop$FC
structure, and mechanical properties of fats is required for a was measured by pNMR using a Bruker PC20 series NMR analyzer
successful substitution of one fat with anoth#}. ( (Bruker, Mississauga, Canada). The water bath based cooling used in

Even though fats may have similar solid fat contents (SFC) the pNMR experiments also offered rapid cooling and accurate

: : f . . . temperature control.
in a particular temperature range, their crystallization behavior, Two methods were used to obtain the SFC of the given fat: (i) AOCS

microstructure, and mechanical properties may be vastly dif- qficial method Cd 16-81 Qfficial Methods and Recommended
ferent (3. Previous investigations have concentrated on different practices of the American Oil Chemists’ Societith ed.; AOCS
aspects of crystallization kinetics of palm oil &) and palm Press: Champaign, IL, 1993) and (ii) isothermally as a function of
oil in sunflower mixtures$), as well as palm oil polymorphism  time. The AOCS method is dependent upon the tempering history of
(6, 7). Only one study exists on the relationships between the sample before measurement, and departures from the procedure

crystallization behavior, microstructure, and mechanical proper- Will cause variations in resuits. The fat samples were heated .30
ties in palm oil @) for 10 min before analysis to destroy any crystal history, according to

AOCS official method Cc 6-25 (Official Methods and Recommended

The objectives of this work were to assess the crystallization practices of the American Oil Chemists’ Socjetith ed.; AOCS
behavior, microstructure, and mechanical properties of chemi- Press: Champaign, IL, 1993). Three replicates of each melted fat sample
cally interesterified hydrogenated palm oil (IHPO), partially in a glass NMR tube (~2.5 g) were placed in a thermostated water
hydrogenated palm oil (PHPO), and a partially hydrogenated bath at_ 30, _35, 'and 40C, and SFC readings were obtained at
blend of palm oil and palm stearine [PH(PO/PS)] and an attempt appropriate time intervals.

h il hard b hi lization behavi The crystallization curves obtained under isothermal conditions at
to match material hardness by matching crystallization behavior. 30, 35, and 40C were fitted to the Avrami equation by least-squares

nonlinear regressior®(10). The Avrami equationl(1—13) can be used

* Corresponding author [e-mail amarango@uoguelph.ca; telephone (519) to quantify crysta!llzatlon kinetics and give an indication of the nature
824-4120, ext. 54340; fax (519) 824-6631]. of the crystallization growth process. It has the form

T University of Guelph.

8 Nestec Ltd., Kemptthal. i

#Nestec Ltd., Lausanne. SFC(t)/SFC(x=1—¢ Q)

10.1021/jf034653| CCC: $27.50 © 2004 American Chemical Society
Published on Web 02/28/2004



1552 J. Agric. Food Chem., Vol. 52, No. 6, 2004 Singh et al.

where SFC(t) describes the SFC as a function of time, 8F&(the 100
limiting SFC as time approaches infinitl,is the Avrami constant, 1 ——HPO
andn is the Avrami exponent. 804 i g:PEO/Ps
Half-times of crystallizationt{,;) were calculated according to the 2 9 ( )
following relationship: 5 601
L
t,,= (0.693/k" @) @ 40
204
Cloud Point Analysis. When fat is cooled isothermally, different 1
fractions of fats are crystallized because of their limited solubility in 0 T ; y T T
the remaining liquid fat. A fats and oil analyzer PSA-70V-HT (Phase 0 10 20 30 40 5 60
Technology, Richmond, BC, Canada) was utilized to determine Temperature (°C)

induction times of nucleatiorr), the time at which large increases in — igyre 1. Solid fat content versus temperature profile for IHPO, PHPO,
the intensity of scattered light were observed. The analyzer required a and PH(POIPS). Symbols represent the average of three replicates and

150 uL sample per analysis. e ) . 0
The fat sample was melted at 13Q in an oven and held at this standard deviations of ihree replicates, typically <1%.

temperature for 10 min, to remove any crystal memory in the sample. .
One hundred and fifty microliters of the melted fat was pipetted into of the sample and then lowered at a constant rate of deformation (10

the preheated sample cup (step 1) of the analyzer. In step 1 of theMM/s). The yield force values from the foredeformation profiles
cloud point analysis, the fat sample in the analyzer was warmed to 69 Were determined using the system software.

°C (starting at room temperature) at a rate o°@0min and held at 69

°C for 600 s. In step 2, the sample was cooled (fronfG®to 30, 35, RESULTS AND DISCUSSION

or 40°C at 30 °C/min. The sample was then held at this temperature I . I
for 10000 s to monitor crystallization. The induction time of nucleation EqUII_Ibrlum SFC. Figure 1 shows the equilibrium SFCs as
(r) was determined by extrapolating from the linearly increasing portion @ function of temperature for the three fats between 0 and 55

of the curve to the time axislg, 15). This value is a good and “C. PH(PO/PS) had a lower SFC at each temperature as
reproducible approximation of the time interval between the moment compared to the other two fat samples. The SFC decreased in
crystallization temperature is reached and the start of crystallization. a linear fashion as temperature increased from 10 t6Q@5
Polarized Light Microscopy (PLM). Fat microstructure was followed by a small region between 25 and 3D with a less
observed by PLM using an Olympus BH polarized light microscope gccentuated slope. Between 30 and %) the SFC again
(Olympus, Tokyo, Japan). The microstructures of samples of IHPO, decreased linearly with temperature. PHPO had higher SFCs
PHPO, and PH(PO/PS) were imaged at 30, 35, of@&0Slides were  poyaen 0 and 26C, whereas IHPO has higher SFCs between
prepared by melting the fats at 130 for 10 min. A preheated Pasteur 30 and 5C°C. In the ’case of PHPO and IHPO, melting between

pipet was used to deposit a small dropletlQ uL) of fat onto a glass .
slide preheated to the temperature of the molten fat. A similarly heated 0 and 30°C was less pronounced than in PH(PO/PS), whereas

glass cover slip was then placed on the surface of the droplet. Sampledne® SFC decreased linearly with temperature between 30 and
were then cooled on a Linkam LTS-350 hot/cold stage (Linkam 50°C.

Instruments, Tadworth, U.K.) from 130 to 30, 35, or 4D at 30°C/ Crystallization Kinetics. Differences in the crystallization
min and observed under the microscope for up to 100 min. Images kinetics of IHPO, PHPO, and PH(PO/PS) under isothermal
were automatically captured every 15 s. Samples were then storedconditions were investigated by following increases in SFC with
overnight for 24 h, and a final image was taken at that time. A green time (Figure 2). All three fat samples crystallized very rapidly
filter (Hoya Inc., Tokyo, Japan) was placed over the field iris during at 30°C, whereas increases in SFC in time could not be detected
analysis. PLM images were acquired using a Sony XC-75 CCD video o4 40 for PHPO and PH(PO/PS). Crystallization kinetics were
camera (Sony Corp., Tokyo, Japan), an LG-3 PCI frame grabber, and characterized by fitting the Avrami equation to the crystallization

Scion Image software (Scion Corp., Frederick, MD). An automatic . i L. h ion fit th
blank field subtraction and averaging of 16 frames per image were data using nonlinear regressidfigure 2). The equation fit the

performed using the computer software. There are a variety of methodsdata very well over the entire crystallization rangmrrelation

used to measure the fractal dimension (D). coefficients were always>0.98. The Avrami constants (Kk),
In this study two methods, particle countirgy £6) and box counting Avrami exponents (n), and half-times of crystallizatiogy|t

(17, 18), were used to determinB. For determination of fractal determined from the curve fits are shown Trable 1. As

dimensions by particle counting (p images were inverted and  expectedk decreased with increasing crystallization tempera-

thresholded using Adobe Photoshop (Adobe Systems Inc., San Joseiyre. In IHPO above 38C, crystallization temperature had a

CA). The threshold level was that which was found to most accurately very strong influence ok—the Avrami constant dropped by a

reflect the original gray scale images. Particle counting was performed factor of roughly 16. In PHPO and PH(PO/PS) above 30

for each image using macros written in NIH image as previously L ) .

described (816). The slope of the loglog plot of the number of crystalllzat|on_temperature also had a very strong influence on

k—the Avrami constant dropped by factors of roughly* ir®

particles counted within box sizes of various lengths corresponds to . - >
D:. PHPO and 19in PH(PO/PS). The increase i, for the three

The box-counting dimension estimation method (Truesoft Interna- fats as a function of increasing crystallization temperature
tional, St. Petersburg, FL, http://www.trusoft.com) was used to reflects the decrease kat higher temperatures (Table 1).
determineDy, in terms of a grid-type box-counting method, as previously The sharp change in Avrami exponent around@on IHPO
shown (7, 18). The images were not inverted, but thresholded in Adobe and 35°C in PHPO and PH(PO/PS) suggests the existence of
Photoshop prior to analysis. ) ] ] different crystallization mechanisms depending on the degree

Large Deformation Mechanical Studies.Rheological properties of supercooling. The change mat this point could indicate

of the fats under large deformations were determined &tCQsing : ; -
an SMS materials tester model MT-LQ (Stable Micro Systems, Surrey, dlfference§ n crygtal growth geometry e}nd pOSS'ny the type
of nucleation. An increase in the induction time and a more

U.K.). The materials tester was calibrated with a 10 kg weight using a . . L . o )
50 kg (500 N) load cell. The liquefied fat was poured into prechilled sigmoidal crystallization curve is generally indicated by a higher

PVC molds (30, 35, or 46C) and crystallized prior to measurement. Avrami index @, 10, 18). This was found to be trueat higher
Disk-shaped samples were prepared, which were 0.6 cm thick and 1temperatures, values tf, andn were significantly higher and
cm in diameter. The parallel plate geometry was positioned at the top crystallization curves appeared to be more sigmoidal. Generally,
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Table 1. Avrami Constants (k), Avrami Exponents (n), and Half-Times of Crystallization (i) for IHPO, PHPO, and PH(PO/PS) at 30, 35, and
40 °C?

IHPO PHPO PH(PO/PS)
temp (°C) k(™ n ta2 (min) k(™ n ta2 (min) k(™ n ta2 (min)
30 0.57 0.60 1.39 0.29 0.87 2.78 0.13 1.24 3.92
SD =0.044 SD=0.024 SD=0.162 SD =0.043 SD = 0.056 SD=10.30 SD =0.028 SD=10.091 SD=0.302
n=3 n=3 n=3 n=3 n=3 n=3 n=3 n=3 n=3
35 0.16 0.97 4.44 1.35E-05 3.22 29.16 4.83E-07 4.15 30.57
SD = 0.027 SD=0.055 SD=0378 SD=1002E-05 SD=0.194 SD=1.014 SD=172E-7 SD=0.098 SD=0.308
n=3 n=3 n=3 n=3 n=3 n=3 n=3 n=3 n=3
40 6.09E-05 2.71 31.56
SD=845E-05 SD=0479 SD=1817
n=3 n=3 n=3

2Indicated are the average and standard deviation (SD) of n replicates.
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for IHPO (A), PHPO (B), and PH(PO/PS) (C). Values represent the

Figure 2. Solid fat content versus time profile during isothermal L .
average and standard deviation of three replicates.

crystallization of IHPO (A), PHPO (B), and PH(PO/PS) (C) at 30 °C (&),
35 °C (O), and 40 °C (<). Symbols represent the average of three samples are plunged directly to the desired temperature without
replicates and their standard deviation. tempering.

The similarities in the Avrami exponents of IHPO crystallized
as the rate of crystallization increases, the growth mechanismat 35 and 40°C and those of PHPO crystallized at 30 and 35
changes from a one- to a multidimensional event, as reflected °C, respectively, suggest similar growth modes at these different
by an increase in the Avrami exponent. An increase in the temperatures. The distinct change in Avrami exponent for IHPO
Avrami exponent can also be due to a change in the type of 8t ~40 °C and for PHPO and PH(PO/PS)a85 °C suggests
nucleation, from more instantaneous at higher degrees of@ change in the crystal growth, and/or nucleation, mechanism

supercooling to more sporadic at lower degrees of supercooling'n these fats. - . .
8, 10). Crystallization kinetics were also examined using a cloud

) ) ~ . point analyzer. Temperature had a significant effect on the
The maximal SFC value at each isothermal crystallization jqyction time of nucleations. The nucleation rate decreased
temperature was not comparable to that arrived at in the rapjdly with increasing temperature. The temperature-dependent
equilibrium melting profile ofFigure 1. Therefore, the manner  supersaturation is the driving force of nucleation. In IHPO, the

in which the fat is crystallized is very important. In the AOCS induction time between 30 and 3% was too short to be
method the fat sample is tempered prior to measurements beingletermined; that is, the nucleation process was very rapid in
taken, whereas in isothermal crystallization experiments, molten this temperature rangeFigure 3A). The induction time
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_40°C
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Figure 4. Polarized light micrographs of IHPO crystallized isothermally Figure 5. Polarized light micrographs of PHPO crystallized isothermally
at 30 °C (A), 35 °C (B), and 40 °C (C) for 24 h. Bar represents 200 «m. at 30 °C (A), 35 °C (B), and 40 °C (C) for 24 h. Bar represents 200 zm.

increased sharply with increases in temperature between 35 andpherulitic microstructures ef200xm in diameter were present
40°C. In PHPO there was a gradual increase in induction time i, pHpQ. Similarly, for the isothermal crystallization of PH-
with increase in temperature from 30 to 30. A sharprise in - (po/ps) Eigure 6), a combination of small spherulites and
induction time was noticed beyond 3€ (Figure 3B). In the g5 needle-shaped crystals was observed 4C3G\t 35 °C,
case of PH(PO/PS), a sharp increase in induction time wasarge empty spaces with a cloudlike formation of fine granular
noticed between 30 and 3& and a gradual increase beyond crystallites were observed. Large spherulitic microstructures

?hS °C (Figulre 3(':)ideet plotj_oft_r VteT.SUS temperatur_ethfodr_ the were visible at 40C, similar to those observed in PHPO at 40
ree sampies yielded o cISunct inear regions with diSCon- o - gpherylite formation is favored by low nucleation density,

tinuities occurring at 35C (IHPO), 39°C (PHPO), and 35C hi : . - . . -
4 S igh medium viscosity, and the presence of dissolved impurities
PO(PH/PS)]. Ng (4) observed instantaneous nucleation in a .
|[oaln(1 oil me)l]t at g145‘(’8 and an abrupt discontinuity in a time (20). Kawamura §) has reported the nucleation of daughter
temperature curve at 22C indicative of the nucleation of a crystals on the surface of parent spherulites under isothermal
different polymorphic form. Putte et al3) have reported the conditions and observed similar crystal morphologies below 24
) °C (granular) and above 28 (dendritic spherulites). Values

primary nucleation rate of thg'-polymorphic form is high for the A . G dd ticall functi
compared to that of thg-polymorphic form below 35C in or the Avrami exponent increased dramatically as a function
palm oil of temperature for all three fatsTéble 1). The increase in

) Avrami exponent indicates a change in crystallization mode

Mlcrostructure anc_i Quantlflcatlon of Microstructure (nucleation type and dimensionality of growth). These results
Using Fractal Analysis. The microstructures of the three fats . . .S . .
are in general agreement with other similar studies on different

crystallized isothermally at 30, 35, and 40 were imaged using

polarized light microscopy. The change in microstructure with fat systems (2122). )
increasing temperature (decrease in the degree of supercooling) The concept of fractals28—25) was used to quantify
can be due to changes in the nucleation rate, the formation of Microstructure by microscopy and image analysis using particle
crystals in a different polymorphic form, due to fractionation, €ounting and box-counting proceduréable 2shows the values

or some combination of the above. A decreased nucleation isof D and Dy, for isothermal crystallization at 30, 35, and 40
usually accompanied by an increase in crystal growth (19). In °C. In general, an increase in temperature led to a decrease in
IHPO (Figure 4), a rapid and extensive nucleation was evident bothDsandDy. Thus, it was possible to quantify differences in

at 30 and 35C. At 40 °C, the initial number of nuclei present ~ general microstructure using fractal image analysis. Analysis
is lower, and crystal growth begins to make a more significant was not carried out on micrographs, which depicted a single
contribution to crystallizationFigure 5 shows that a combina- ~ spherulite or large crystallite, because we are interested in the
tion of small spherulites and small needles was present in thespatial distribution of mass within the network. A single large
PHPO sample at 30C. Moreover, the micrograph at 3% crystal does not constitute a network. This was the case for
resembles the micrograph of IHPO at 40. By 40°C, large PHPO samples crystallized at 4Q.
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Table 2. Fractal Dimensions Determined by Particle Counting (Ds) and Box Counting (Dy) for IHPO, PHPO, and PH(PO/PS) Crystallized Isothermally
at 30, 35, and 40 °C

Df Db
30°C 35°C 40°C 30°C 35°C 40°C
IHPO 2.0 1.96 1.94 1.87 1.87 1.84
SD = 0.0026 SD = 0.046 SD=0.018 SD=0 SD =0.0013 SD =0.0015
n=>5 n==a6 n= n=>5 n==6 n=>5
PHPO 2.01 1.80 nd?2 1.87 1.80 nd?2
SD =0.022 SD = 0.061 SD = 0.0015 SD =10.018
n=3 n=>5 n=3 n=>5
PH(PO/PS) 1.94 1.88 1.55 1.86 1.81 1.69
SD =0.027 SD =0.016 SD =0.015 SD = 0.00083 SD =0.0019 SD=0.018
n=>5 n=5 n= n=>5 n=>5 n=

aNot determined.

| 40c Scheme 1 A
e IHPO
g Owernight at 35°C
o
]
Q
£
&
PHPO  Overnight at 30°C  30°C
Scheme 2 B
.| 50°C
e IHPO
g Overnight at 40°C
fu
g
E| PHPO  Guernight at 35°C
= 30°C

Time
Figure 7. Schematic diagram of crystallization temperature versus time
showing how to match the crystallization behaviors of IHPO and PHPO
by two different temperature modifications.

surprise, IHPO that had been crystallized overnight af@G5
and transferred thereafter to 3€ and PHPO that had been
crystallized overnight at 30C (Figure 7A, Scheme 1) had
similar hardnesses (Table 3). IHPO was crystallized overnight
at 35°C and held at 30C for 60 min prior to the analysis. The
hardnesses of these two fats crystallized under these different
. conditions were very similar, even though their SFCs were
Figure 6. Polarized light micrographs of PH(PO/PS) crystallized isother- different. Therefore, SFC is not the sole parameter that influ-

L3

mally at 30 °C (A), 35 °C (B), and 40 °C (C) for 24 h. Bar represents ences the ultimate strength of fat crystal network. Similarly,
200 gm. we were able to match the hardness of IHPO crystallized at 40

Relationship among Crystallization, Microstructure, and °C and PHPO crystallized at 3% (Figure 7B, Scheme 2).
Mechanical Properties.In an attempt to establish a relationship BOth samples were held at 3G for 60 min prior to the analysis.
among crystallization behavior, microstructure, and mechanical Even though in our experiments we used an overnight crystal-
properties, Avrami indices at different temperatures were used /ization period, 60—90 min is deemed to be sufficient for the
as a guide to match the hardness of IHPO and PHPO. Becaus&€tting of their fat crystal networks (based on the SfiGie
the Avrami exponent provides an indication of the crystal growth 9rowth curves). Hence, our results suggest that it is possible to
mode, it might correlate with microstructure and, ultimately, _substltute one type of fat Wl_th another given a slight modification
mechanical properties. Thus, on the basis of the values of thein the cooling method during crystallization.

Avrami index, a specific crystallization scheme was designed Micrographs of the fat samples were also obtained after
geared toward matching the crystallization behaviors of IHPO crystallization of samples as described in Schemes 1 and 2 in
and PHPO and, we hoped, their mechanical properfiggi(e Figure 7 (Figures 8 and9). Fractal analysis was also carried

7). out on the micrographs shown. No significant differences were

The similarities inn for IHPO crystallized at 35 and 4TC observed inDs and Dy, (P > 0.05) between PHPO and IHPO
to PHPO crystallized at 30 and 3€, respectively, suggested crystallized as shown iRigure 7 (Table 3). This indicated that
that these fats can crystallize in a similar fashion. Much to our by matching the crystallization behaviors of the two fats, we
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Table 3. Indicators of Mechanical Strength under Large Deformation for Fat Samples Crystallized As Described in Schemes 1 and 2 of Figure 72

IHPO PHPO
cryst yield cryst yield
temp (°C)  force (N) K (N/mm) SFC (%) Dy Dy temp (°C)  force (N) K (N/mm) SFC (%) Dy Dy
35/30 42.1 100.8 438 1.99 1.86 30 43.6 76.7 535 1.99 1.87
SD=279 SD=279 SD=024 SD=0.079 SD=0.007 SD=343 SD=1083 SD=0.26 SD=0.059 SD=0.0053
n==8 n==a6 n=2 n=27 n=27 n=7 n=7 n=2 n=9 n=9
40/30 239 45.0 34.9 1.94 1.81 35/30 24.2 432 437 1.92 1.78
SD=266 SD=885 SD=064 SD=0.096 SD=0.023 SD=193 SD=641 SD=114 SD=0.104 SD=0.047
n=10 n=10 n=2 n=27 n=27 n=10 n=10 n=2 n=25 n=26

@K, elastic constant; SFC, solid fat content; Dy, particle counting mass fractal dimension; Dp, box counting mass fractal dimension. Reported are the average and
standard deviation (SD) of n replicates.

200 um

Figure 8. Polarized light micrographs of IHPO and PHPO crystallized at Figure 9. Polarized light micrographs of IHPO and PHPO crystallized at

35 and 30 °C; (A, D) after immediate crystallization at 35 and 30 °C; (B, 40 and 35 °C: (A, D) after immediate crystallization at 40 and 35 °C; (B,
E) 30 °C for 60 min; (C, F) final imaging done after holding at 30 °C for E) 30 °C for 60 min; (C, F) final imaging done after holding at 30 °C for
24 h. 24 h.
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