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ABSTRACT: Rheological and thermal properties of five soy-
bean oils with modified FA compositions were studied. Viscos-
ity decreased with increasing temperature at different rates for
the different oils. Oil with a high-oleic acid content had higher
viscosity and a greater rate of change than did oils with typical
FA compositions, oil with low-saturated FA or low-linolenic
acid content, or oil from lipoxygenase-free soybeans. The melt-
ing and crystallization behaviors of the oils were examined
using DSC. The high-oleic acid oil and the oil with low-satu-
rated FA content had different DSC profiles compared with the
other oils. Specific heat capacities of oils were estimated using
a mathematical model; the high-oleic acid oil had a higher spe-
cific heat value, and the low-saturated FA oil had a lower value
than did the other oils.
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Physical properties of vegetable oils (i.e., viscosity, melting
and crystallization behaviors, and specific heat capacity) are
important engineering parameters. They are essential for de-
signing processing equipment, such as that used for heat
transfer, piping, deodorization, crystallization, and so on.
Changing the FA compositions of oils to improve food or in-
dustrial applications may alter these properties (1). Such
physical property changes need to be quantified to predict
processing variations or to modify processing equipment for
more efficient operation.

Modifying the FA compositions of soybean oils has been
an important goal of plant breeding and molecular genetics
research. Soybean oils with improved nutritional and func-
tional properties have been and still are being developed by
elevating or reducing the percentage of particular FA. During
refining of soybean oils with modified FA compositions, we
observed differences in viscosity and heat transfer among dif-
ferent types of oils. Therefore, this research was conducted to
determine viscosity, melting characteristics, and specific heat
of four soybean oils with modified compositions, and these
were compared with a commodity soybean oil.
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EXPERIMENTAL PROCEDURES

Soybean oils. Four types of soybean oils with modified FA
compositions—high-oleic acid oil (HO), low-saturated FA oil
(LS), low-linolenic acid oil (LLL), oil from lipoxygenase-free
soybeans (LOX), and one commodity seed oil (CS)—were
processed by conventional solvent extraction and then fully
refined by degumming, neutralization, bleaching, and deodor-
ization, as described by Wang and Johnson (2). The FA com-
positions were determined according to the method described
by Wang et al. (3); these results are presented in Table 1. Ef-
fective carbon number (ECN) was determined by multiplying
the number of carbon atoms in the FA chain by its percentage
of composition, and the products were summed. The influ-
ence of double bonds was approximated by subtracting 1 for
each double bond from the actual carbon atoms to compen-
sate for the reduction in viscosity (1). The ECN values are
presented in Table 1, along with FA compositions.

Rheological properties. Viscosity, also referred to as dy-
namic or absolute viscosity, was measured using a Haake RS-
150 rheometer (Paramus, NJ) equipped with a 35-mm cone
and plate sensor. The shear rate range used was 10-100 s
Triplicate measurements were performed at 10, 20, 40, 60,
and 90°C. Precision of the repeated measurement, as ex-
pressed as a coefficient of variation, was 1.39%. The influ-
ence of temperature on viscosity (L) for Newtonian fluids can
be expressed in an Arrhenius type of equation (4) involving
absolute temperature (7), the universal gas constant (R), and
the energy of activation for viscosity (E,):

w=A oE/RT (1]

E, and the equation constant (A) were determined using lin-
ear regression from experimental data. Higher £, values indi-
cated a more rapid change in viscosity with temperature.

Crystallization and melting profiles. A Seiko Exstar 6000
DSC (Seiko Instruments, Inc., Chiba, Japan), with Seiko mea-
surement software (v. 5.8) and Seiko analysis software (v.
5.5), was used to measure the thermal transition of the oils.
Samples of about 10 mg were weighed into aluminum pans
to the nearest 0.1 mg. Both crystallization and melting pro-
files of the sample were measured based on a modified AOCS
method (Cj 1-94) (5) and the method of Tan and Che Man (6).
All samples were subjected to the following temperature pro-
gram: heating to 60°C and holding for 5 min; cooling at
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TABLE 1
FA Compositions (mol%) of Modified Soybean Oils and Their Calculated Effective Carbon Numbers (ECN)?

16:0 18:0 18:1 18:2 18:3 ECNP
CS 10.82 4.89 25.21 51.61 7.47 16.275
LOX 10.15 4.60 33.14 45.42 6.68 16.357
HO 6.72 3.80 79.22 7.15 3.12 16.837
LS 4.61 3.82 22.43 62.02 7.12 16.230
LLL 10.74 4.55 25.03 56.60 3.07 16.311

“CS, commodity soybean oil; LOX, lipoxygenase-free soybean oil; HO, high-oleic acid soybean oil; LS, low-saturated FA

soybean oil; and LLL, low-linolenic acid soybean oil.
bsee Reference 1.

5°C/min to —60°C and holding for 5 min; and heating to 60°C
at 5°C/min. Duplicate samples of each oil were analyzed. The
crystallization and melting characteristics of each sample can
be described by the resulting thermal profile. In this study, the
onset and completion temperatures, the temperature of the
major phase transition peak, and the heat of fusion were de-
termined.

Specific heats. A mathematical model established by
Morad et al. (7) was applied to estimate the specific heat ca-
pacities of the five oils. A Rowlinson—Bondi equation was
used to estimate liquid specific heat capacity (Cp) for pure FA.
The liquid specific heat capacities of the oils were estimated
by using mixture properties corresponding to the FA compo-
sitions and a correction factor, which accounted for the TAG
form. The Rowlinson—-Bondi equation is as follows:

(C,—CHIR=145+045(1-T,)" +0.25 0[17.11
+252(1-T)" 77"+ 1.742(1-T)™] 2]

where C? is the ideal gas specific heat capacity, T is the re-
duced temperature, and o is the acentric factor, a parameter
widely used as a measure of the complexity of a molecule
with respect to both geometry and polarity. C° was calculated
using the method of Rihany and Doraiswamy (8):

c3=2a+T2b+T2>:c+T32d [3]

The constants a, b, ¢, and d for various chemical groups were
used to calculate the ideal gas capacity for pure FA (Table 2).
The reduced temperature was calculated as T, = T/T, (critical
temperature). The values for 7, and ® of the five FA of soy-
bean oil are listed in Table 3.

The terms in Equation 2 must take into account the mix-
ture properties when the equation is applied to oils, because

TABLE 2

Constants Used to Calculate the Ideal Specific Gas Heat Capacities
(Cy) for FA?

Group a bx 102 cx 10 dx10°
-CH, 0.6087 2.1433 —-0.0852 0.001135
>CH, 0.3945 2.1363 -0.1197 0.002596
—COO—(ester) 2.7350 1.0751 0.0667 -0.009230
—CH=CH- -3.1210 3.8060 -0.2359 0.005504

C)=%a+TZb+T*Lc+ T’ 2d(Ref. 7).
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vegetable oil can be viewed as a substance consisting of a
mixture of different FA. Therefore, any parameter in the equa-
tion for an oil can be replaced by the sum of the products of
FA molar percentages and the corresponding parameter for
FA. For example,

0 (1 0
Cp (mix) = X x; Cp ; [4]

A correction factor was used to correct for the difference be-
tween calculated and experimental values, as derived from
the research of Morad et al. (7). For M.W. >850, as in our
sample,

correction factor (F) = —0.2836 — 0.0005 (M.W. — 850) [5]
Cp (estimated for oil) = Cp (calculated for mixed FA) + F [6]

Statistical analysis. The general linear model of the SAS
program (9) was used for ANOVA. A factorial design was
used to examine the viscosity as affected by temperature and
type of oil. LSD were calculated (P = 0.05) to compare treat-
ment means.

RESULTS AND DISCUSSION

Rheological properties. The viscosities of the five oils mea-
sured at various temperatures (10, 20, 40, 60, and 90°C) are
shown in Figure 1. Viscosity clearly decreased with tempera-
ture, but the degree of reduction was dependent on oil com-
position (the interaction between oil type and temperature
was significant, P < 0.001). HO oil had significantly higher
viscosity than the others at lower temperature, but at greater
than 60°C, its viscosity became similar to the other oils. The

TABLE 3

Primary Properties of FA Used in Specific Heat Capacity Calculations?
FA T (K" o
Palmitic 16:0 799.88 1.109
Stearic 18:0 819.00 1.237
Oleic 18:1 819.14 1.185
Linoleic 18:2 819.82 1.129
Linolenic 18:3 820.23 1.072

ICited from Reference 6.
beritical temperature.
“Acentric factor.
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FIG. 1. Dynamic viscosity as a function of temperature for soybean oils
with various FA compositions. CS, commodity soybean oil; LOX,
lipoxygenase-free soybean oil; HO, high-oleic acid soybean oil, LS,
low-saturated FA soybean oil; and LLL, low-linolenic acid soybean oil.

LSD at 5% was 0.894; this can be used to compare the differ-
ences among various oils. LS oil had the lowest viscosity. The
value for LLL was not significantly different from those of
LOX and CS, although LOX had significantly higher viscos-
ity than did CS.

Thermodynamic parameters derived from the viscosity
equation (Eq. 1) are shown in Table 4. The value for E, of HO
oil was significantly higher than those of the other oils, which
indicates more rapid reduction in viscosity with increases in
temperature, as demonstrated in Figure 1. This result suggests
that when handling oils with modified FA compositions at
low temperature, the differences in viscosities should be con-
sidered in processing design.

The differences in viscosities of various oils are due to the
FA composition and the molecular conformation of the TAG
molecules. When a cis double bond is present in a long-chain
fatty acyl molecule, a bend or kink of the chain occurs. This
bending prevents strong interaction or alignment among mole-
cules; therefore, the intermolecular friction is reduced. ECN
was calculated based on the total number of carbons as well as
the number of double bonds in the acyl chain. ECN can possi-
bly be used as a structural parameter and can be correlated with
viscosity (1) and E,. Significant correlations exist between
ECN of the soybean oils and their viscosities and E, as shown
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in Figure 2. Therefore, the longer the chain of the fatty acyl
groups, the more viscous the oil and the greater the E,.

Geller and Goodrum (1) observed a second-order relation-
ship between viscosities of saturated homogeneous TAG and
their chain lengths. When this model was used to estimate vis-
cosities of vegetable oils using their calculated ECN, 5% error
was observed. Although this model is fairly accurate in pre-
dicting viscosities of vegetable oils, a model established with
vegetable oils of mixed fatty acyl chains and with a wide
range of FA compositions may better predict viscosity. In our
work, the five soybean oils showed a good linear relationship
between ECN and viscosity. More oils with a wide range of
compositions should be analyzed to model the composition—
viscosity relationship accurately.

Geller and Goodrum also reported (1) that the viscosity of
oil was shear dependent below a shear rate of 7 s_l, indicat-
ing non-Newtonian flow or pseudoplastic behavior at a very
low shear rate. But when the rate was >7 s_l, oil behaved as
a Newtonian fluid. At the shear rate used for this experiment,
the oils behaved as Newtonian fluids, as shown by the linear
relationship between shear rate and shear stress. The non-
Newtonian behavior at a very low shear rate may be due to
instrument inertia as reported by Krieger (10). This instru-
ment inertia often contributes to time-dependent viscosities
found with Newtonian samples under certain conditions.

Crystallization and melting of oils. The crystallization and
melting curves determined by DSC are presented in Figure 3.
Melting curve parameters—onset, completion, peak tempera-
tures, and heat of fusion—are presented in Table 5.

Thermal behaviors during the cooling and heating phases
were very different. The heat released (exotherm) during
cooling was much smaller than the heat absorbed (endotherm)
during heating for all samples except the HO oil, which had
similar thermal responses for the two phases. Two exother-
mic peaks were observed during cooling, with the high-melt-
ing peak being slightly larger and more defined than the low-
melting one. The onset and completion temperatures from the
melting curves were much better defined than those of the
crystallization curves. Therefore, these parameters from melt-
ing are more useful in the comparison of oils than are those
from crystallization. Tan and Che Man (11) reported that the
crystallization curves were more reproducible and simpler
than the melting curves. This was attributed to the fact that
crystallization was influenced only by the chemical composi-
tion of the sample and not by the initial crystalline stage,

TABLE 4
Thermodynamic Parameters Derived from Equation 1 for Various Oils?
E/R E, (cal/mol) A (mPa-s) R?

CS 2617.8 5199.2 8.0E-03 0.9907
LOX 2677.3 5317.4 7.0E-03 0.9907
HO 2893.3 5746.4 4.0E-03 0.9914
LS 2554.1 5072.7 1.0E-02 0.9904
LLL 2615.0 5193.7 9.0E-03 0.9918

“R, universal gas constant = 1.9861 cal/mol K; E_, energy of activation; A, equation constant; R2, re-
gression coefficient of Equation 1. For other abbreviations see Table 1.
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FIG. 2. Effect of ECN on viscosity and energy of activation (E,).

because all samples started from the liquid state. It is possible
that the crystalline forms of our samples were different de-
spite undergoing the same heating and cooling treatments;
therefore, the melting curves may represent melting of differ-
ent crystal forms. Nevertheless, melting curves allow us to
examine the complex issue of polymorphism, and the melting
profiles reflect the natural crystallization behavior. Polymor-
phism is a property of natural oils and fats that is recognized
as being composition-dependent (12).

The endothermic curves of CS, LLL, and LOX oils were
very similar. The multiple peaks are due to polymorphism of
mixed lipids (12). Most vegetable oils are polymorphic and
can exist in at least three crystalline forms, designated as «,
B’, and B. When oil samples were cooled rapidly in the DSC
pans, they may have solidified in the lower-melting o or
forms. During the gradual temperature increase, the less sta-
ble forms may have melted first and recrystallized into higher-
melting forms to give the melting profiles (Fig. 3). The LS oil
had a unique melting profile compared with the three men-
tioned above. It had very well-defined double peaks, with a
significant heat release from the low-melting to high-melting
transition, giving an exothermic peak. The low-melting crys-
talline form may have had high energy content that was released
before crystallizing into the higher melting crystalline form. HO
oil had a single exothermic and endothermic peak, possibly due
to its more homogeneous composition. Interestingly, HO oil
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FIG. 3. DSC crystallization and melting curves of soybean oils with modified FA compositions. For abbreviations

see Figure 1.
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TABLE 5

DSC Thermal Transition of the Melting Curves?

835

Onset Completion Peak Heat of fusion

(°O) (°C) (°C) (/g)
CS -42.78 2.6" -26.8P 58.08C
LOX -42 .38 2.7 —-27.0P 62.1BC
HO -17.6" -0.58 —7.4A 74.77
LS —42.3B -5.7¢ —15.08 59.9¢
LLL -41.88 3.4 -25.8¢ 65.38
LSDy o5 1.06 1.25 0.31 5.60

“The same capital letter in each column indicates no statistical difference at P < .05%. See Table 1

for abbreviations.

had the highest melting temperature among the oils tested, but
its crystallization temperature was the lowest, as indicated by
the major peak.

Comparison of the various temperatures listed in Table 5
shows that all samples had similar onset temperatures except
the HO oil. Their completion temperatures were similar ex-
cept for HO and LS, which had significantly lower tempera-
tures than the others. The peak temperatures were quite dif-
ferent among all samples except for the CS and LOX oils.
These values were determined as the temperature of the high-
est peak, and they may not always represent the true peak
temperature. A correlation analysis was also performed to de-
termine any relationship between various DSC temperatures
and ECN of the five oils. No well-defined relationship was
observed.

For heat of fusion, there were statistically significant dif-
ferences among the oils. The HO oil had the highest value,
and the LS oil had the lowest value. A relationship between
heat of fusion and energy of activation of viscosity was also
established (Fig. 4). This positive correlation suggested that
both of the parameters may relate to the molecular structure
in a similar manner. When the TAG molecules are more satu-
rated, the molecular (hydrophobic) interaction is stronger.
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FIG. 4. Relationship of heat of fusion derived from DSC analysis and E,
derived from viscosity determination.

Thus, higher energy is needed to disrupt the molecular asso-
ciation to cause melting or relative molecular movement.
There was relatively more scatter of the data compared to
other regressions, although the reason is unknown.

Specific heat capacity. The calculated C, values for the oil
samples at temperatures between 25 and 300°C (298-573 K)
are shown in Figure 5. The HO oil had a higher value, and the
LS oil had a lower value than for the other three oils. All oils
had the same rate of heat capacity change with temperature,
which was 0.0024 J/g °C. The intercepts of the linear relation-
ship were 1.8583 and 1.7992 for HO and LS oils, which were
the highest and lowest values among all oils tested. The con-
stants were 1.8146, 1.8178, and 1.8210 for CS, LLL, and
LOX oils, respectively. The effect of temperature on C_ of
fats and oils in the temperature range of 15 to 60°C was also
suggested by Formo (13) to be

C,=19330+ 0.0026 T [7]

which was very similar to that calculated using the model of
Morad et al. (7). The accuracy of Morad’s estimation method
was also evaluated by the authors. The estimated Cp values
for pure TAG and vegetable oils were compared with the ones
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FIG. 5. Calculated specific heat (Cp) values as a function of temperature
for soybean oils with various FA compositions. For abbreviations see
Figure 1.
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FIG. 6. Relationship between C, and ECN of soybean oils. For abbrevi-
ations see Figures 2 and 5.

obtained from the experiments, and the error was found to be
+5%.

The effect of FA composition on Cp of fats and oils was
also generalized (13) such that increases in chain length and
degree of saturation increased the C,. Our results show that
this relationship is curvilinear over the composition range
tested (Fig. 6). More oils with a wider range of FA composi-
tions need to be tested to validate this relationship.

The Cp of these oils were also determined by DSC, using
conditions similar to those described by Morad et al. (14,15).
The reproducibility of the analysis was not satisfactory and
the data are not shown.
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