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ABTRACT: The thermal profiles of 17 edible oil samples from
different plant origins were examined by differential scanning
calorimetry (DSC). Two other confirmatory analytical tech-
niques, namely gas-liquid chromatography (GLC) and high-per-
formance liquid chromatography (HPLC), were used to deter-
mine fatty acid (FA) and triacylglycerol (TAG) compositions.
The FA and TAG compositions were used to complement the
DSC data. lodine value (IV) analysis was carried out to measure
the degree of unsaturation in these oil samples. The DSC melt-
ing and crystallization curves of the oil samples are reported.
The contrasting DSC thermal curves provide a way of distin-
guishing among these oil samples. Generally, the oil samples
with a high degree of saturation (IV < 65) showed DSC melting
and crystallization profiles at higher temperature regions than
the oil samples with high degree of unsaturation (IV > 65). Each
thermal curve was used to determine three DSC parameters,
namely, onset temperature (T,), offset temperature (T;) and tem-
perature range (difference between T, and T;). Reproducibility
of DSC curves was evaluated based on these parameters. Satis-
factory reproducibility was achieved for quantitation of these
DSC parameters. The results show that T of the crystallization
curve and T, of the melting curve differed significantly (P <
0.01) in all oil samples. Our observations strengthen the
premise that DSC is an efficient and accurate method for char-
acterizing edible oils.
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The importance of oils and fats as valuable commaodities in
world trade and for human nutrition iswell recognized. Oilsand
fats used for edible purposes are of either plant or anima origin.
Compared to those of animal origin, oils and fats from plant ori-
gin contain higher proportions of unsaturated fatty acids (FA)
and meet the dietary requirements of essential FA (1). Thisis
the main reason for the continued trend in the direction of food
products prepared from vegetable oils and away from those pre-
pared from animal fats (2). More than 100 varieties of plantsare
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known to have oil-bearing seeds, but only afew have been com-
mercialized (3). At present, the major sources of vegetable ail
are seeds of annual plants such as canola, corn, peanut, saf-
flower, soybean, and sunflower. A second rich source of veg-
etable oilsis the oil-bearing fruits and nuts of trees such as co-
conut, palm, palm kernel, and olive.

Every oil or fat has characteristic FA and triacylglycerol
(TAG) profiles, which are unique to the type of oil and can be
used in detecting adulteration (4). In general, al oils and fats
are composed of a complex mixture of 96 to 99% of TAG,
which are the esters of glycerol and FA. Therefore, oils and fats
from plant origin can be further classified according to their FA
and TAG compositions. The principa variation in FA composi-
tion of oils and fatsis the chainlength and degree of unsatura-
tion of the component FA (5). Thisvariation in FA composition
can dramatically affect the bioavailability and digestibility of
oilsand fatsin infants and adults (1). It isrelatively easy to ana
lyze the congtituent FA of an oil or fat. The percentage distribu-
tion of different FA in a sample can be obtained by gas-iquid
chromatography (GLC) technique. Analysis of the TAG com-
position of an oil or fat requires methods of separating their
complex mixtures into individual components or at least into
simpler mixtures that contain only afew TAG each (6). The
complex mixtures of TAG from oils and fats have usually been
analyzed by reversed-phase high-performance liquid chroma-
tography (HPLC) (7). The TAG composition data are more
likely to be characteristic of agiven type of oil or fat because
they contain structural information, for example, the position of
the FA residues on the glycerol backbone, information that is
lost on transesterification necessary for FA analysisby GLC (8).
However, complete determination of TAG profile can be
achieved only by several successive procedures that are tedious
and time-consuming (9). Therefore, this approach is less practi-
cal for the il industry, for quality-control programs, and for
many research and development programs.

Thermal analysis has long been available to the oils and fats
researcher (10). Since applications of this technique started, an
abundance of data has become available on the reproducibility
of some basic quantities measured or derived from thermoana
Iytical curves (11). Differential scanning calorimetry (DSC) is
the most widely used thermoanalytical technique for oils and
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fats (12). Thistechniqueisused for studying various heat-re-
lated phenomenain materials by monitoring associated changes
in enthal py. Nowadays, DSC is preferred to other similar caori-
metric techniques, such as differential thermal analysis, because
the former has the advantage of providing a more direct mea-
surement of the energy accompanying the physical and chemi-
cal changes studied (13). For many years, DSC data of oilsand
fats have given vauable information on melting and crystalliz-
ing temperatures as well as heats of fusion and crystallization
(24). Thistechnique has been used for monitoring phase behav-
ior of TAG mixtures (15), for evaluating the effects of minor
components on the crystallization of oils and fats (12), for ob-
serving polymorphic transformationsin edible oils and fats (16),
and also for monitoring failed-batch palm oil (17). Application
of statistical and mathematical techniques to DSC data can be
used to measure fat solids (18), to determine the country of ori-
gin of the oil-bearing nut (19), to detect adulterants in animal
fats and butter (20), to estimate the amount of saturation present
in transesterified blends of jojobawax esters (21), and to quan-
tify theiodine value (1V) in palm ail (22). Most recently, we
(23) used these techniques to determine total polar compounds
in heated ails.

Heat-rel ated phenomenain oils and fats are fundamental and
can be used to elucidate their physical and chemical properties.
The complexity of the thermal profiles of oils and fatsis essen-
tially due to the great variety of TAG as their principa con-
stituents (24). Therefore, oils and fats do not have specific melt-
ing and crystallization temperatures. Rather, they show melt-
ing/crystallization profiles. In the DSC melting curves of oils
and fats, complex features were not easily interpretable (25).
Thisis aconsequence of the known phenomenon of polymor-
phism of oils and fats that is strongly dependent on the thermal
history of the sample. Conversely, the DSC crystallization
curve, which isinfluenced only by the chemical composition of
the sample, and not by the initial crystalline state, is more repro-
ducible and simpler than the melting curve (23). Many studies
have been conducted to investigate the thermal profile of vari-
ous oils and fats products (24,26). Most recently, Che Man and
co-workers (27) have studied the thermal profile of crude palm
oil and its products. Although information has been published
concerning the thermal profile of most edible oils and fats, it is
often difficult to compare data from various sources because of
alack of uniformity of anaytical techniques used in qualitative
or quantitative analysis. In light of this knowledge, investiga-
tions reported herein were directed toward obtaining basic in-
formation about the relationship between the therma profile and
chemical composition of 17 different edible oils and fats.

MATERIALS AND METHODS

Materials and treatments. Different edible oils (n = 17) from
various plant origins were used in this study. Refined-bleached-
deodorized palm oil (RBDPO), refined-bleached-deodorized
palm stearin (RBDPOg), and palm kernel oil (PKO) were ob-
tained from alocal refinery. The other samples were purchased
from severd local retailers. These oilsand fatswere divided into
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three major groups for more consistency in the discussion. All
chemicals and solvents used were Analar or HPLC grades
(Merck, Darmstadt, Germany). Fatty acid methyl esters
(FAME) and TAG standards were obtained from Sigma Chemi-
ca Co. (St. Louis, MO).

IV analysis. The AOCS Official Method was employed for
determinations of iodine value (1V) in the oil samples (28).

FA analysis by GLC. The FA compositions of the oil sam-
ples were analyzed with GLC after transesterification. FAME
were prepared by transesterification of oil (50 mg) with petro-
leum ether (0.8 mL) and sodium methoxide (1 M, 0.2 mL) and
analyzed on a Hewlett-Packard model 5890 instrument (Palo
Alto, CA), equipped with a flame-ionization detector (FID) and
a Hewlett-Packard model 3392A integrator. A polar capillary
column BPX70 (0.32 mm internal diameter, 30 m length and
0.25 um film thickness, SGE International Pty. Ltd., Victoria,
Austraia) was used at acolumn head pressure of 10 psi. Helium
(99.995%) at approximately 23 mL/min (measured at oven tem-
perature 150°C) was used as the carrier gas, and nitrogen
(99.999%) at 20 mL/min was used as the makeup gas. The FID
and injector temperatures were both maintained at 220°C. The
injection mode was splitless, and samples of about 1 uL were
injected with a 10-uL loop. Theinitial column oven tempera-
ture was 115°C, temperature was programmed to 180°C at
8°C/min and held at thistemperature until the analysiswas com-
pleted. FAME peaks were identified by comparison of retention
timesto a standard mixture. The peak areas were computed, and
percentages of FAME were obtained as area percentages by di-
rect normalization. (The data are expressed as normalized per-
centage of al identified FAME). Only the more abundant FA
(>0.2%) were considered. All analyses were carried out in trip-
licate.

TAG analysis by HPLC. The TAG were separated by re-
versed-phase HPL C with a Waters (Milford, MA) chromatogra-
phy system, consisting of a Waters 600 controller, coupled with
aWaters 410 differential refractometer and a software interface
(Millennium 2010 Chromatography Manager Software; Milli-
pore Co., Milford, MA) for processing of the acquired data. The
column used was Waters Nova Pak C-18 (3.9 x 300 mm, 60 A,
4 um) and maintained at 30°C by a column oven. Sensitivity
was set at 16, and the scale factor at 20. Isocratic elution was
carried out at aflow rate of 1 mL/min with a mixture of ace-
tone/acetonitrile (63.5:36.5, vol/vol) as the mobile phase. The
injection volume was 10 uL of 5% (wt/val) ail in chloroform.
TAG were separated according to their degree of unsaturation
and molecular weight. TAG peaks were identified based on the
retention time of TAG standards and results of Haryati et al.
(29), Stefanoudaki et al. (30), Bland et al. (9), Singleton and
Pattee (31), Dong and DiCesare (6), and Parcerisaet al. (32).
The TAG datawere treated as percentage areas. Separated TAG
peaks with an area below 0.1% were not integrated. Quantifica-
tion was carried out by normalization. Each sample was chro-
matographed three times, and the data are reported as percent-
age aress.

Thermal analysis by DSC. For DSC andlysis, a PerkinElmer
differential scanning caorimeter, DSC-7, equipped with ather-
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mal analysis data station (PerkinElmer Corp., Norwalk, CT)
was used. Nitrogen (99.999% purity) was the purge gas and
flowed at ~20 mL/min. The DSC instrument was cdibrated with
indium (m.p. 156.6°C, AH; = 28.45 J/g) and n-dodecane (m.p.
-9.65°C, AH, = 216.73 J/g). Samples of ca. 6-12 mg were
weighed into auminum pans to the nearest 0.1 mg, and covers
were hermetically sealed into place. An empty, hermetically
sealed auminum pan was used as reference. Prior to anaysis of
samples, the basaline was obtained with an empty, hermeticaly
sealed aluminum pan. For practical reasons (based on samples

1V), the cooling and heating profiles of samples were defined
by using two different temperature programs. Samplesin Group
1 were subjected to the following temperature program: 80°C
isotherm for 5 min, cooled at 5°C/min to -80°C and held for 5
min. The same sample was then heated from —80 to 80°C at the
same rate. Samplesin Groups 2 and 3 were subjected to the fol-
lowing temperature program: sample was melted at 50°C and
held for 5 min before cooling to —100°C at the rate of 5°C/min.
The samples were again held at this temperature for 5 min be-
fore heating to 50°C at the rate of 5°C/min. The manufacturer’s
software (7 SeriesUNIX DSC software library) program was
used to analyze and plot the thermal data (33). The thermal

melting and crystallization characteristics of each samplein a
DSC scan can be indicated by various temperatures. The onset
temperature (T ), the offset temperature (T;) (points where the
extrapolated |eading edge of the endotherm/exotherm intersects
with the basdline), and the various peak temperatures (tempera-
tures of maximum different heat flow) between T, and T; were
determined. The melting and cooling temperature ranges were
obtained by determining the difference between T, and T;. All

DSC values reported are the average of four scans.

Satistical analysis. Datawere statistically analyzed by one-
way andysis of variance (ANOVA) with the SAS software pack-
age (34). Duncan’s multiple-range test was applied to determine
significant differences between means, a alevel of P <0.05.
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RESULTS AND DISCUSSION

FA compositional and proportional analyses. The FA composi-
tion (area%) and IV of 17 edible oilsare shown in Tables 1 and
2. The FA composition appeared to be typica for these types of
oil samples (2,3). The proportions of saturated (SFA), monoun-
saturated (MUFA), and polyunsaturated (PUFA) FA data are
tabulated in Table 3. The results of statistical tests (Duncan’'s
multiple-range test), comparing the mean difference among
these data, are also shown in Table 3. It is now well known that
the FA composition depends on the origin of plants. Thus, the
differencesin SFA, MUFA, and PUFA contents found in this
study can be easily explained. RBDPO, refined, bleached, and
deodorized palm superolein (RBDPOg,), red palm olein
(RPO), and RBDPOg are oil samples obtained from palm pulp.
In these oil samples, the SFA accounted for more than 43%,
while the MUFA, mainly oleic (C,g.,) acid, made up about
20-44% of thetotal FA. The PUFA content ranged from 4-12%,
which also indicates the amount of linoleic (C,g.,) acid. These
oils were distinguished from other oils by high levels
(38.1-68.3%) of pamitic (C,¢,) acid. The predominance of this
FA was the main reason for the low 1V in pam based oil prod-
ucts, asindicated in Table 1. The fractionation of RBDPO into
olein and stearin fractions has a significant influence on FA
composition. RBDPOy, and RBDPOg are two main fractions
of RBDPO. Asshown in Table 1, the C,4., tendsto migrate into
the RBDPOg. However, the FA composition of RBDPOg, was
relatively similar to RBDPO in spite of the fractionation
process. Two types of palm olein fractions were used in this
study, namely RBDPOg, and RPO,,. These two olein fractions
of palm oil showed comparable FA composition. However,
RPO, had a higher oleic (C,g,) acid content than RBDPO,.
Thiswas evidenced by ahigher IV in RPO,. The FA composi-
tion of PKO was closer to that of coconut oil (CtO). PKOisa
co-product from palm oil mills. Although PKO and pam ail

TABLE 1

Fatty Acid Composition (area %) and lodine Value (g of 1,/100 g oil) of Edible Oil Samples?

Fatty acid Sample

(area %) RBDPO RBDPO¢, RPO, RBDPOg CtO PKO CnO PtO
6:0 14+03 05+0.1

8:0 135+1.2 6.4+ 0.6

10:0 8.7+0.3 52+0.2

12:0 05+0.0 0.7+0.0 0.7+0.1 0.4+0.0 51.1+05 55.8+0.1

14:0 1.7+0.0 15+0.0 1.7+0.1 21+0.1 145+ 05 147+04

16:0 48.7+0.2 41.6+04 38.1+x14 68.3+0.9 55+0.2 5.8+0.2 13.7+0.1 141 +0.9
16:1

18:0 3.9+0.0 3.8+0.0 3.4+02 4.0+0.3 14+0.2 1.3+0.1 22+0.0 3.7+0.1
18:1 37.1+£0.2 42.0+0.3 442+1.1 20.6 0.6 3.3+0.2 8.9+0.3 275%0.2 49.1+0.3
18:2 8.1+0.1 104+0.1 12.0+0.3 46+0.2 0.7+0.2 1.5+0.0 55.7+0.3 27.4+0.6
18:3 0.9+0.0

20:0 1.6+0.0
20:1 1.0+0.1
22:0 3.0+0.1
lodine value 53.80+0.19 61.90+0.01 65.03+0.39 3278+0.28 9.37+0.19 19.30+0.01 129.01+0.47 95.23 +0.53

3Each value in the table represents the means + SD of triplicate analyses. Abbreviations: RBDPO, refined, bleached, and deodorized palm oil; RBDPOg, re-
fined, bleached, and deodorized palm superolein; RPO, red palm olein; RBDPOq, refined, bleached, and deodorized palm stearin; CtO, coconut oil; PKO,

palm kernel oil; CnO, corn oil; PtO, peanut oil.
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14.0+£05

126 +0.1 8.1+0.2 6.4+0.2 8.7+0.1 85+0.2 5.6 +0.2

13.0+0.1

7.8+0.0

16:0

1.2+0.1

2.8

16:1

+0.0

25+0.1
61.8+0.2

20.0+04

40+0.1
184 0.1

27+0.1
17.8+0.1

59.0+ 0.0

21+0.0
74.9+0.2

48+0.0
17.8£0.0

69.4+0.2

4.3+0.0
23.6%0.1

6.1+0.0
40.6 +0.1

26+0.0
13.9+0.2

75.7+0.1

18:0

72505

18:1

69.1+0.4 8.4+0.0
0.7

16.9+0.1

53.3+0.1

40.3+0.1

18:2

+0.0

8.1+0.2
0.8+0.0
1.3+0.1

11.7+0.1

6.3+0.0

18:3

04+0.0

20:0

20:1

22:0

C.P. TAN AND Y.B. CHE MAN

109.24 £ 0.23 135.70 £ 0.19 139.95+0.71 95.57 £ 0.57 143.28 + 0.57 140.58 + 0.65 107.84 = 0.09 86.38 £ 0.11

145.38 = 0.46

lodine value

aach value in the table represents the means + SD of triplicate analyses. Abbreviations: SaO, safflower oil; SeO, sesame 0il; S0O soybean oil; SuO, sunflower oil; HtO, hazelnut oil; WtO, walnut oil; GsO,

grapeseed oil; CaO, canola oil; OeO, olive oil.

TABLE 3
Distribution of Saturated, Monounsaturated, and Polyunsaturated
Fatty Acids in Edible Oil Samples?

Fatty acid distribution (%)

Sample SFA MUFA PUFA
Group 1
RBDPO 54.7 +0.34 37.1+0.2" 8.1+0.1™
RBDPOg, 47.6 £0.4° 42,0+ 0.3 10.4 0.1
RPO, 438+1.4° 442 +1.1° 12.0 £ 0.3
RBDPOq 74.8 +0.8° 20.6 + 0.6X 46+02"
CtO 96.0 + 0.42 3.3+0.2° 0.7+0.2°
PKO 89.7 +0.3° 8.9+0.3" 1.5 +0.0°
Group 2
CnoO 15.9 +0.1" 275+0.2 56.7 + 0.4°
PtO 225+0.8f 50.1 +0.29 27.4+0.6"
SaO 10.4 + 0.0 13.9 +0.2M 75.7 £ 0.12
SeO 19.1 + 0.1 40.6 +0.19 40.3 +0.1f
S00 16.9 +0.19 23.6+0.1 59.5 +0.1¢
Suo 12.8 +0.8" 17.8 +0.0' 69.4 + 0.2°
Group 3
HtO 85+0.1" 74.9+0.22 16.6 + 0.1
WtO 11.4 + 0.0 17.8+0.1' 70.7 +0.1P
GsO 12.5+0.2" 18.4+0.1' 69.1 + 0.4°
CaO 8.9+0.1" 63.1+0.1° 28.1+0.29
0eO 17.2 +0.59 73.7+0.5° 9.1+0.0'

8Each value in the table represents the means + SD of triplicate analyses.
Means within each column with different superscripts are significantly
(P < 0.01) different. Abbreviations: SFA, saturated fatty acid; MUFA, mo-
nounsaturated fatty acid; PUFA, polyunsaturated fatty acid. For other abbre-
viations see Tables 1 and 2.

were derived from the same plant origin, they differ consider-
ably in their characteristics and properties. PKO was similar to
CtO in that they were both high in lauric (C,,.,) and myristic
(Cy4.0) acids. Nevertheless, PKO had alower content of short-
chain FA (Cg.5—C;0.0) and adlightly higher oleic (Cyg.4) acid
content. These slight differences were reflected in a higher IV
for PKO. In CtO, the SFA content was significantly (P < 0.01)
higher, while MUFA and PUFA contents were significantly (P
< 0.01) lower than all edible oils and fats used in this study.

Qil samplesin Group 2 were characterized by their high 1V
levels (95-145 g of 1,/100 g ail). The unsaturated FA (MUFA and
PUFA) made up about 78-90%, while SFA formed the remain-
ing 10-22% of total FA. The oils were primarily composed of
four major FA, namely Cyg.0, Cig.0: C1g.4» @d linoleic (Cyg.)
acid. A substantial amount of linolenic (C,5.5) acid was found in
soybean il (So0) and corn ail (CnO) at concentrations of 6.3 and
0.9%, respectively. In addition to the four major FA mentioned
earlier, peanut oil (PtO) was aso composed of other minor FA:
arechidic (C,,), gadoleic (C,y ), and behedic (C,,.) acids. Saf-
flower il (SaO) and sunflower il (SuO) were characterized by
their high concentrations of C,.,; 75.7 and 69.4%, respectively.

Qil samplesin Group 3 were also characterized by their high
IV levels (86-143 g of 1,/100 g oil). The unsaturated FA
(MUFA and PUFA) made up about 83-92%, while SFA formed
theremaining 8-17% of total FA. Hazelnut oil (HtO), canolaail
(Ca0), and olive ail (OeO) were largely made up of C,g.4; 74.9,
63.1, and 72.5%, respectively. Walnut oil (WtO) and grapeseed
il (GsO) showed comparable FA composition, except that WtO
contained amarked amount of C, g (11.7 %).
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Triacylglycerol Composition (area %) of Edible Oil Samples from Group 12

Sample (Group 1)

TAG RBDPO RBDPOg, RPO4 RBDPO4 CtO PKO
CCla 12.9+0.2 6.8+0.0
Clala 17.4+0.2 9.9+0.0
LalLala 21.2+03 21.2+0.2
LaLaM 18.0+0.3 17.0+0.0
LaLaO 3.1+0.0 5.3+0.0
LaMM 10.2+0.1 8.8+0.0
MMM 0.4+0.0 0.7+0.0 0.6+0.0 0.2+0.0

LalLaP 0.5+0.0 1.2+0.0
LaMO 24+0.1 46+0.0
MPL 24+01 3.2+0.0 3.7+0.1 1.0+0.2

LaMP 55+0.1 46+0.0
LaOO 11+0.0 3.8+0.0
LaPO 1.6+0.2 43+0.0
LaPP + MMO 21+03 1.9+0.0

OOoL 0.7+0.0 0.7+0.0 0.8+0.1 0.1+0.0

MMP 1.8+0.1 23+0.1 26+0.1 0.8+0.1 0.2+0.0 0.7+0.1
MOO 0.8+0.1 20+0.0
MPO + POL 11+0.0 21+0.0

POL 10.1+0.0 12.8+0.0 158+0.1 53+0.5

PPL 9.8+0.1 10.7+0.0 11.2+0.0 7.8+0.0 0.6+0.1
MPP 0.6+0.0 23+0.0

000 4.1+0.0 4.9+0.0 56+0.0 1.8+0.0 0.6+0.1 1.4+0.0
POO 242+0.1 29.1+0.1 36.3+0.0 12.0+0.2 0.3+0.0 19=+0.1
PPO 31.1+0.1 27.2+0.1 17.1+01 29.8+0.0 0.7+0.1 11+0.1
PPP 59+0.0 0.1+0.0 29.2+0.2 0.6+0.1 0.1+0.0
SO0 23+0.1 3.1+0.1 3.6+0.0 0.8+0.1 04=x0.1
PSO 5.1+0.0 50+0.1 25+0.1 3.8+£0.0 04+0.1
PPS 0.9+0.0 52+0.2

SSO 0.5+0.0 0.4+0.1

aach value in the table represents the means + SD of triplicate analyses. Abbreviations: TAG, triacylglycerol; C, capric; La,
lauric; M, myristic; P, palmitic; S, stearic; O, oleic; L, linoleic. For other abbreviations see Table 1.

TAG compositional and proportional analyses. The degree of
unsaturation has the greatest effect on separation. The presence
of double bondsin a TAG decreasesits retention time on the col-
umn. About 55 different TAG have been found in the oil sam-
ples used in this study (Tables 4-6). The minor or major TAG
were not similar in these oil samples, and a general analogy for
theidentical TAG was not easily achieved. Furthermore, a com-
plete range of the necessary standard TAG was not available for
calibration purposes. Therefore, some TAG peak identification
was done according to the previoudly studied results (6,9,
29-32). From the results obtained by HPLC analysis, TAG could
be further divided into four component categories:. the first one
corresponds to trisaturated (SSS) TAG; the second to disatu-
rated—monounsaturated (SSU) TAG; the third to monosatu-
rated—diunsaturated (SUU) TAG,; and the fourth corresponds to
triunsaturated (UUU). The TAG are grouped according to these
categories for each type of oil samplein Table 7. The arrays of
SSS, SSU, SUU, and UUU means of the oil and fat sampleswere
further evaluated by the Duncan’s multiple-range test (Table 7).

The TAG composition of the six oil samples in Group 1
(Table 4) agree with previously reported findings. Note that in
palm-based oil samples (RBDPO, RBDPOg,, RPO, and RBD-
POg), POO and PPO (P, pamitic; O, oleic) account for up to 56%

of the TAG. Besides POO and PPO, RBDPOg also predomi-
nantly contained PPP (29.2%), a completely saturated TAG.
Thus, in RBDPOg,, SSS, and SSU congtituted more than 75%
of total TAG. On the other hand, RBDPO, RBDPOg,, and
RPO,, mainly consisted of SSU (34-48%) and SUU (36-55%),
with small quantities of SSS (3-10%) and UUU (4—7%). PKO
and CtO are characterized as hard oils. There were many simi-
larities between PKO and CtO in terms of their TAG composi-
tions. The saturated TAG (SSS) were the major TAG of PKO
and CtO and accounted for 70 and 86%, respectively, of the total
TAG. Of these, LaLaLaand LaLaM (La, lauric; M, myristic)
werethe mgjor SSSTAG.

Theoilsin Group 2 generally contained a high level of UUU
(> 54%). Their specific TAG composition in Table 5 confirms
that C;¢.0, C1g.4, @d Cy5., accounted for over 90% of the FA in
these ails. The predominant type of TAG in CnO, Sa0, So0, and
SuOwasLLL (L, linaleic), which accounted for 23.6, 48.9, 20.8,
and 35.0%, respectively, of al TAG. In PtO and sesame oil
(Se0), the predominant TAG were OOL (21.1%) and OLL
(19.7%), respectively.

Thefive oil samplesin Group 3 aso contained a high level
of UUU (>60%). Among the TAG, LLL was the predominant
TAG in WtO and GsO and accounted for 25.7 and 38.7%, re-
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TABLE 5
Triacylglycerol Composition (area %) of Edible Oil Samples from Group 22

Sample (Group 2)

TAG CnO PtO SaO SeO SoO SuO
LLnLn 1.5+0.3 0.3+0.1 20+0.3

LLLn 1.7+0.1 1.0+0.2 1.2+04 0.6 +0.0 9.3+0.1 0.4+0.0
OLnLn 0.6 0.0

LLL 23.6+0.1 3.6+0.1 48.9 +0.1 10.7 £0.0 20.8+£0.6 35.0+0.0
OLLn 0.7+£0.0 1.2+0.1

PLLN 3.7+0.0

OLL 22.2+0.3 125+0.3 17.7+0.1 19.7£0.1 16.0+0.3 25.3+0.1
PLL 14.6 £0.2 45+0.0 13.7 £0.0 7.4+0.0 14104 11.1+£0.1
POLN 0.4+0.0

OOoL 10.9+0.1 20.0+0.6 40+0.1 17.9+0.1 7.6+0.1 6.3+ 0.0
POL + SLL 114 +£0.1 8.0+0.1 142 +£0.1 11.2+0.0 126 £0.1
POL 126 +£0.3

PPL 2.0+0.0 1.9+0.0 0.6 +0.0 1.5+0.1 1.9+0.1 0.9+0.0
(e]e]6} 4.3+0.0 17.4£0.0 1.7+0.2 9.0+0.2 23+0.2 1.7+ 0.1
POO + SOL 58+0.1 12.7+0.9 23+0.1 12.1+0.1 5005 3.6+0.1
PPO 2.4+0.0 25+0.1 04+0.1 2.3+0.3 2.0+0.0 1.3+0.1
PPP 0.5+0.0

SLL 1.1+£0.1
PSL 1.5+0.1

SO0 + PSO 44+0.2

SO0 0.4+0.0 3.3+0.1 1.0+£0.1 0.5%+0.0
PSO 0.2+0.0 1.0+0.1 0.9+0.0 0.1+0.0
OLA 0.2+0.0

PLB 0.2+0.0

OOA 1.0+0.1

POB 0.4+0.1

(e]0]:} 24+£0.7

OOLi 09+0.1

aach value in the table represents the mean + standard deviation of triplicate analyses. Abbreviations: Ln, linolenic; A,
arachidic; B, behenic; Li, lignoceric. For other abbreviations see Tables 1, 2, and 4.

TABLE 6
Triacylglycerol Composition (area %) of Edible Oil Samples from Group 32

Sample (Group 3)

TAG HtO WtO GsO CaO OeO
LLnLn 42+0.1 12+05

LLLn 05+0.2 15.4+0.0 0.8+0.2 26+0.6

OlnLn 0.8+0.0 1.6+0.3

LLL 29+0.0 25.7+0.0 38.7+0.1 8.5+0.0 0.5+0.0
OLLn 3.2+0.0 0.2+0.0
PLLNn 5.0+0.0 0.1+0.0 0.8+0.0

OLL 75+0.1 145+0.0 22.3+0.1 75+0.1 28+0.7
OOLn 8.9+0.2 18+04
PLL 1.3+0.0 13.0+0.0 13.7+0.1 1.0+0.0 0.3+0.2
POLnN 0.2+0.0

OOoL 20.2+0.1 55+0.0 6.1+0.1 21.8+0.2 13.0+0.1
POL + SLL 3.9+0.2 7.3+£0.0 12.3+0.1 55+0.0

POL 6.4+0.1
PPoL 09+0.0
PPL 0.3+0.1 0.5+0.0 0.1+0.0

PSLn 0.4+0.0

(e]e]e] 48.6+0.4 21+0.0 19+0.1 28.3+0.2 41.8+0.2
POO + SOL 10.3+£0.5 22+0.1 39+0.1 6.8+ 0.0 21.9+0.2
PPO 0.5+0.0 0.4+0.0 0.1+0.0 09+0.1 3.0+£0.1
PPP 0.1+0.0

OO0Ga 1.0+0.2 0.6+0.0
SO0 3.8+0.1 0.2+0.0 0.4+0.0 3.1+£0.2 49+0.2
PSO 0.3+0.0 1.0+0.1
OOA 0.5+0.0
SSO 0.3+0.0

aach value in the table represents the means + SD of triplicate analyses. Abbreviations: Po, palmitoleic; Ga, gadoleic. For
other abbreviations see Tables 2, 4, and 5.
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TABLE 7
Distribution of Trisaturated, Monounsaturated, Diunsaturated, and Triunsaturated Triacylglycerols (TAG)
in Edible Oil Samples?
TAG distribution (%)
Sample SSS SSU SUU Uuu
Group 1
RBDPO 9.8+0.1¢ 48.8+0.12 36.5+0.2° 4.8+ 0.0%
RBDPOSO 2.9+0.1° 46.5+0.1° 44.9+0.1° 5.6 + 0.0k
RPOO 3.3+0.1° 34.6 +0.0¢ 55.7 +0.12 6.4+0.1
RBDPOS 37.7+0.1° 42.3+0.2° 18.1 + 0.6' 1.9+0.0'
Cto 86.4 + 0.72 6.1+0.19 1.3+0.1" 0.6 £0.1™
PKO 70.3+0.1P 16.3 +0.1° 6.0+0.1™ 1.4+ 0.0
Group 2
CnoO — 4.5+ 0.0 32.1+0.3f 63.4+0.3f
PtO 0.5 +0.0f 6.5+ 0.0f 34.2+1.3° 545+ 1.2
Sa0 — 1.0 +0.0™ 24.0+0.2 75.0 +0.2¢
SeO — 48+0.1" 37.0+0.1° 58.2 +0.1"
S00 — 4.8+0.1" 35.4+1.09 59.8 + 1.19
Suo — 2.3+0.1% 28.9+0.1" 68.8 +0.2¢
Group 3
HtO 0.1+ 0.09 1.0+0.1m 19.2 + 0.6 79.6 +0.8°
WO — 0.9+0.0M 27.7+0.10 71.4 +0.04
GsO — 0.1+0.0" 30.3+0.19 69.7 + 0.1°
CaO — 1.3+0.2' 17.4+0.2' 81.3+0.12
0eO — 44+0.2 35.0 +0.3%¢ 60.7 +0.19

8Each value in the table represents the means + SD of triplicate analyses. Means within each column with different super-
scripts are significantly +P < 0.01) different. Abbreviations: S represents saturated fatty acids; U represents unsaturated fatty
acids; SSS, trisaturated triacylglycerol; SSU, monounsaturated triacylglycerol; SUU, diunsaturated; UUU, triunsaturated tri-
acylglycerol. The sequence does not necessarily reveal their position on the glycerine moiety. For other abbreviations, see
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FIG. 1. Differential scanning calorimetry crystallization curves of re-
fined-bleached-deodorized palm oil (RBDPO), refined-bleached-de-
odorized palm superolein (RBDPOgg), and red palm olein (RPO).
Refer to Table 8 for transition temperatures.

spectively. Conversely, OO0 was the predominant TAG in HtO,
Ca0 and OeO, which accounted for 48.6, 28.3, and 41.8%, re-
spectively, of all TAG.

Thermal analysis. Melting and crystallization, two com-
monly used physical eventsto characterize thermal behavior of
oil samples, require the intake or release of thermal enthal py.
DSC is eminently suitable to determine these physical proper-
ties of oil samples. Thermal curves, as determined by DSC, are
given in Figures 1-8. Crystallization curves of oil samples are
illustrated in Figures 14, while the melting curves are dis-
played in Figures 5-8. Generally, in melting curves of oil sam-
ples, complex features that were not easily interpretable, such
as shoulders not separable from peaks, were noticed. Thesere-
sultsillustrate the complex nature of TAG in oil samples. This
is a consequence of the known phenomenon of polymorphism
of natural oils and fats that has interested researchers for many
years. Unlike pure TAG, the polymorphic form of oils and fats
cannot be established unequivocally by DSC (35). Thiscan only
be achieved by X-ray diffraction analysis. Therefore, polymor-
phic transformations in oil samples have not been reported in
this study. Dueto the complexity of the recorded thermal events,
al melting and crystallization points are read at the maxi-
mum/minimum of either endo- or exotherm peaks. Overall, the
designation of these transition temperatures for melting and
crystallization curves are clearly indicated in Tables 8, 9, and
10, for oil samplesin Groups 1, 2, and 3, respectively.

The crystallization curves of six oil samplesin Group 1 areil-
lustrated in Figures 1 (RBDPO, RBDPOg,, and RPO.,) and 2
(RBDPQg, CtO, and PKO). In RBDPO, the crystallization curve
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FIG. 2. Differential scanning calorimetry crystallization curves of re-
fined-bleached-deodorized palm stearin (RBDPOg), coconut oil (CtO),
and palm kernel oil (PKO). Refer to Table 8 for transition temperatures.

displayed two major exothermic regions. The higher tempera-
ture region defined crystallization of the stearin fraction, while
thelower temperatureregionindicated crystallization of theolein
fraction (Fig. 1). Figure 1 shows that the higher temperature re-
gion was absent in the crystallization curves of RBDPOg,, and
RPO,. The crystallization curve of RBDPOg had both regions,
athough the higher temperature region in RBDPOg was appar-
ently the mgjor feature (Fig. 2). The crystdlization curve of CtO
showed two distinct exothermic peaks, whereas PK O showed
two overlapping exothermic peaks (Fig. 2).

Figure 3 shows DSC crystallization curvesfor the oil samples
inGroup 2. All curves have three distinct exothermic pesaks (high,
medium, and low-temperature peaks, respectively), which may
correspond to three major TAG groups (SSU, SUU, and UUU,
respectively). Of al oil samplesin this group, the three transition
temperatures of the SaO peaks were consistently the lowest. This
could be dueto itssignificantly (P < 0.01) higher content of UUU
than to the five other oil samplesin Group 2 (Table 7).

DSC crystallization curves of oil samplesin Group 3 (Figure
7) also exhibit three exotherm peaks, except for HtO. HtO
showed adistinct tall exotherm peak at —49.84°C and a small
shoulder peak at —27.57°C (Table 9). Thisismost likely due to
its high content of OOOQ. In general, the lowest exotherm peaks
(last crystallizing) for WtO, GsO, Ca0, and OeO were sharper
and taller than the two smaller exotherm peaks. Moreover, the
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FIG. 3. Differential scanning calorimetry crystallization curves of corn
oil (CnO), peanut oil (PtO), sesame oil (SeO), safflower oil (SaO), soy-
bean oil (SoO), and sunflower oil (SuO). Refer to Table 9 for transition
temperatures.

two exotherm peaks at higher temperatures in OeO and CaO
were not as apparent as those of WtO and GsO. Again, this
could be due to the high OOO content in OeO and CaO.

The DSC melting curves of the oil samplesin Group 1 are
presented in Figures 5 (RBDPO, RBDPOg,, and RPO.) and 6
(RBDPQg, CtO, and PKO). The melting curve of RBDPO
showed two major endotherm regions (Fig. 5), corresponding
to endothermic transitions of the olein (lower-temperature peak)
and stearin (higher-temperature peak) fractions. The endotherm
region at higher temperature consisted of a plateau with a pair
of shoulder peaks, while the endotherm region at lower temper-
ature contained four overlapping peaks. However, RBDPOg,
and RPO, showed only one major endotherm in the lower tem-
perature region (olein fraction), and both oil samples had typi-
cal melting curves. RBDPOg showed both endotherm regions
(Fig. 6); the higher region was distinguished by atall peak (and
two small fusion pesks) preceding the low region (consisting of
four small merging peaks). The small low-temperature peak in
the melting curve of RBDPOg indicated that a small amount of
olein was trapped in this oil sample after fractionation. These
results agree with our earlier observation from the crystalliza-
tion curves. In CtO, amajor endothermic peak with a shoulder
peak and a small distinct endothermic pesk were observed (Fig.
6), while amajor endotherm peak with a shoulder peak and two
small fusion peaks were noticed in PKO (Fig. 6).
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FIG. 4. Differential scanning calorimetry crystallization curves of hazel-
nut oil (HtO), walnut oil (WtO), grapeseed oil (GsO), canola oil (CaO),
and olive oil (OeO). Refer to Table 10 for transition temperatures.

Figure 7 shows the DSC melting curves of oil samplesin
Group 2. Overal, al samples showed two distinct endotherm re-
gions, the higher temperature feature (later melting) being the
major one, except for SUO. In CnO, PtO, SeO, and SoO, the
major endotherm region at higher temperatures had a distinct
high peak and a plateau of one or two shoulder peak(s) (Fig. 7).
The melting curve for SUO consisted of four peaks. Thefirst and
last peaks were the mgjor features with two small merging peaks
in between.

Figure 8 compares the typical DSC melting curves of oil
samplesin Group 3. The melting curve of HtO consisted of a
single tall endotherm peak at —9.07°C, whereas four other
types of oil (WtO, GsO, Ca0, and OeO) showed adistinct tall
endotherm peak with some merging small shoulder peaks
(Fig. 8).

Generally speaking, the thermal properties of various oil
samples from the DSC melting and crystallization curves can
be characterized by various transition temperatures. Neverthe-
less, comparison of these transition temperatures is evidently
difficult because of their complex features. Therefore, a more
systematic and convenient way to differentiate edible oils and
fats has been carried out in this study. Three DSC parameters,
namely T, T;, temperature range (difference between T and
T;), were established for each thermal curvein all oil samples.
A complete comparison of these three DSC parametersis sum-
marized in Tables 11 and 12 for crystallization and melting
curves, respectively. Data for these parameters were analyzed
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FIG. 5. Differential scanning calorimetry melting curves of RBDPO, RB-
DPOg, and RPO,. See Figure 1 for abbreviations. Refer to Table 8 for
transition temperatures.
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FIG. 6. Differential scanning calorimetry melting curves of RBDPOg,
coconut oil (CtO), and palm kernel oil (PKO). See Figure 2 for abbrevia-
tions. Refer to Table 8 for transition temperatures.
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FIG. 7. Differential scanning calorimetry melting curves of CnO, PtO,
Sa0, SeO, So0, and SuO. See Figure 3 for abbreviations. Refer to Table
9 for transition temperatures.

by utilizing conventional statistical methods and tests of sig-
nificance (Duncan’s multiple-range test). Obviously, compari-
son among these parameters showed significant (P < 0.01) dif-
ferences between T for the crystallization curves and T; for

TABLE 8

C.P. TAN AND Y.B. CHE MAN

ENDO

EXO <«——— HEAT FLOW (mW)

I 1 1 1
75 50 25 (] 25
TEMPERATURE (°C)

FIG. 8. Differential scanning calorimetry melting curves of HtO, WtO,
GsO, CaO, and OeO. See Figure 4 for abbreviations. Refer to Table 10
for transition temperatures.

the melting curves. Generdly, T, for the crystallization curves
of the oilsin Group 1 showed significantly (P < 0.01) higher
valuesthan the oil samplesin Groups 2 and 3. However, T for
the melting curves of the oil samplesin Groups 2 and 3 were

Comparison of Differential Scanning Calorimetry-Measured Transition Temperatures for Melting
and Crystallization Curves of Edible Oil Samples in Group 12

Transition temperature (°C)b

Curve Sample 1 2 3 4 5 6 7
Crystallization RBDPO 15.43 6.11 -2.85 -11.09 -46.92
RBDPO¢, -2.85 -8.94 -28.29 -56.95
RPO, -3.92 -27.57 -60.54
RBDPOg 27.25 -1.41 -11.09
CtO -0.70 -7.86
PKO -1.09 -2.49
Melting RBDPO -18.40 -6.22 0.23 5.25 21.91 35.35
RBDPO¢, -38.47 -28.43 -15.53 -4.78 3.82 8.12
RPO, -41.33 -32.73 -12.67 -5.50 2.38 4.18
RBDPO -18.40 -6.93 0.95 6.68 29.62 37.50 55.06
CtO -2.64 12.42 22.45
PKO -19.12 1.31 13.13 26.03

aEach value in the table represents the means for four determinations. SD of the reported results are in the range of 0-0.51°C
and 0-1.01°C for the crystallization and melting curves, respectively.
bBased on indicators a, b, and ¢ in Figures 4 and 5 for cooling curves and Figures 8 and 9 for heating curves. Abbrevia-

tions: see Table 1.
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Comparison of Differential Scanning Calorimetry-Measured Transition Temperatures for Melting
and Crystallization Curves of Edible Oil Samples in Group 22

Transition temperature (°C)b

Curve Sample 1 2 3 4 5
Crystallization CnO -18.49 -44.62 -71.84
PtO -5.02 -38.84 -65.24
SaO -22.89 -48.74 -75.42
SeO -14.09 -39.94 -66.62
SoO -19.49 -43.24 -73.77
SuO -19.87 -45.99 -72.12
Melting CnO -39.32 -26.67 -14.85
PtO -51.70 -29.70 -14.57 0.83 8.26
SaO -41.80 -14.30
SeO -37.12 -21.45 -9.62 -0.82
SoO -39.60 -25.57 -9.90 -2.47
SuO -41.25 -32.82 -26.12 -14.30

8ach value in the table represents the means for four determinations. SD of the reported results are in the range of 0-1.94°C
and 0-1.56°C for the crystallization and melting curves, respectively.
bBased on indicators a, b, ¢, d, and e in Figure 6 for cooling curves and Figure 10 for heating curves. Abbreviations: see Ta-

bles 1 and 2.

TABLE 10

Comparison of Differential Scanning Calorimetry-Measured Transition Temperatures for Melting
and Crystallization Curves of Edible Oil Samples in Group 32

Transition temperature (°C)°

Curve Sample 1 2 3 4
Crystallization HtO -27.57 -49.84
WtO -25.92 -48.47 -70.19
GsO -23.72 -44.89 -70.74
CaO -23.44 -43.57 -60.02
OeO -19.59 -49.29
Heating HtO -9.07
WtO -41.52 -34.10 -22.87 -15.72
GsO -39.32 -31.62 -22.82 -15.12
CaO -29.15 -19.25
OeO -18.70 -6.32 221

aach value in the table represents the means for four determinations. SD of the reported results are in the range of 0-0.39°C
and 0-1.17°C for the crystallization and melting curves, respectively.
bBased on indicators a, b, c,d, e, and f in Figure 7 for cooling curves and Figure 11 for heating curves. Abbreviations: see

Table 2.

significantly (P < 0.01) lower than the oilsin Group 1. The co-
efficients of variation (CV) for the DSC parameters of all oil
samples are presented in Tables 11 and 12 for comparison. The
results reveal excellent reproducibility for determination of
these DSC parameters. The oil samples were evaluated in
replicates of four, and the CV was always lower than 8%.

In conclusion, DSC does not provide any direct information
about the chemical composition of edible oils under a given set
of experimental conditions. However, it provides useful infor-
mation regarding the nature of the thermodynamic changes that
are associated with the edible oils transforming from one physi-
cal state to another. These thermodynamic characteristics are
sengitive to the general chemical composition of edible oils and

fats and thus can be used in qualitative and quantitative ways
for identification of edible cils. This study found that two DSC
parameters, namely T for crystallization curves and T; for melt-
ing curves, of given edible oils and fats are sensitive indicators
to identify types of edible cils. One critical limitation of using
DSC isthe dependence of the thermal transitions on scanning
rate. Regardless of which calorimeter is used, the thermal curve
depends on the scanning rate, which makesit difficult, if notim-
practicable, to compare experiments performed at different scan
rates or with different calorimeters. Nonetheless, if edible oils
giveriseto identical DSC scans at the same scan rate, this tech-
nigque promisesto offer a sensitive, rapid, and reproducible fin-
gerprint method for quality-control purposes.
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TABLE 11
Comparison of Differential Scanning Calorimetry-Measured Onset, Offset, and Range of Temperatures for Crys-
tallization Curve of Edible Oil Samplesa

Temperature (°C)

T, T, Range®
Sample Means + SD CV (%) Means + SD CV (%) Means + SD CV (%)
Group 1
RBDPO 17.00 + 0.24° 1.42 -63.62 + 0.03¢ -0.04 80.62 + 0.212b 0.27
RBDPOg -0.46 + 0.04° -760  -62.19+0.30¢ -0.48 61.73 + 0.26° 0.42
RPO, -1.77 +0.12 -6.90  -64.45+0.13f -0.20 62.69 + 0.25° 0.40
RBDPOq 29.68 + 0.142 0.47 -35.99 + 1.04° -2.88 65.67 + 0.90¢ 1.37
Cto 2.11 + 0.024 1.07 -11.78 + 0.10° -0.84 13.90 + 0.12¢ 0.88
PKO 4.39 + 0.36° 8.09 -7.32 + 0.402 -5.40 11.71 + 0.04¢ 0.35
Group 2
CcnO -16.20 + 0.19K -1.17 -85.71 + 1.131k -1.31 69.51 + 1.32%b¢ 1.89
PtO -2.96 +0.169 -5.42 -85.37 + 0.04" -0.04 82.42 +0.122 0.15
Sa0O -19.56 + 0.56" -2.88 -89.28 + 0.70™ -0.78 69.72 +0.133P¢ 0.19
SeO -7.23+0.19" -2.58 -85.78 + 0.76"K -0.89 78.56 + 0.95%P 1.21
S00 -14.13 +0.24! -1.73 -86.76 + 0.05! -0.06 72.63 + 0.30%P¢ 0.41
Suo -15.53 + 0.07) -0.43 -86.14 + 0.150! -0.18 70.61 + 0.222b¢ 0.31
Group 3
HtO -23.82 +0.37P -1.56 -85.27 + 0.45' -0.52 61.44 +0.82° 1.33
WO -22.63 +0.169 -0.71 -82.55 + 0.349 -0.42 59.92 + 0.50° 0.84
GsO -18.84 +0.31™ -1.63 -83.45+0.17" -0.20 64.60 + 0.14° 0.21
CaO -20.33 + 0.10° -0.48 -85.74 + 0.06"K -0.07 65.41 + 0.16° 0.24
0eO -17.33 +0.14' -0.81 -86.22 + 0.08"¢ -0.09 68.89 + 0.22b¢ 0.31

8Each value in the table represents the means + SD of four determinations. Means within each column with differ-
ent superscripts are significantly (P < 0.01) different. Abbreviations: T, onset temperature; T;, offset temperature. For
other abbreviations, see Tables 1 and 2.

bTemperature difference between T, and T;.

TABLE 12
Comparison of Differential Scanning Calorimetry-Measured Onset, Offset, and Range of Temperatures
for Melting Curve of Edible Oil Samples?

Temperature (°C)

T, T, Range®
Sample Means + SD CV (%) Means + SD CV (%) Means + SD CV (%)
Group 1
RBDPO -26.66 + 0.619 -2.28 40.59 = 0.37° 0.92 67.25 + 0.98° 1.46
RBDPOg, -46.28 = 1.449 -3.10 13.86 + 0.21° 1.49 60.14 + 1.23° 2.04
RPO, -49.95 + 1.09 -2.18 9.64 + 0.139 1.32 59.60 = 0.96° 1.61
RBDPOq -28.29 + 0.12° -0.41 57.78 = 0.532 0.92 86.07 + 0.422 0.48
Cto -21.80 = 0.25° -1.14 25.30 = 0.01¢ 0.05 47.10 = 0.26f 0.56
PKO -25.56 + 0.20%4d -0.80 28.98 + 0.00° 0.02 54.54 = 0.219 0.38
Group 2
CnO -46.02 + 0.099 -0.20 -4.21 +0.05' -1.13 41.31 = 0.449 1.06
PtO -56.52 + 0.07% -0.12 11.83 = 0.03 0.23 68.35 = 0.09° 0.14
SaO -48.36 + 0.09" -0.19 -6.64 + 0.09™ 1.32 41.72 = 0.189 0.43
SeO -46.03 = 0.96Y -2.09 3.36 + 0.25' 7.54 49.40 = 1.21¢ 2.46
S00 -46.11 + 0.06Y -0.13 1.89 = 0.03! 1.44 47.75 « 0.378f 0.78
Suo -46.79 + 0.4590 -0.97 -4.72 + 0.06' -1.35 42.57 + 0.069 0.14
Group 3
HtO -19.99 + 0.222 -1.11 -2.87 = 0.12% -4.34 17.11 + 0.10K 0.56
WO -48.20 = 0.91N -1.89 -11.63 + 0.42P -3.58 36.57 « 1.33" 3.62
GsO -48.70 + 0.041] -0.08 -11.00 = 0.10° -0.94 37.70 = 0.14" 0.38
CaO -34.69 = 0.05' -0.15 -9.17 = 0.18" -1.96 25.52 + 0.23 0.90
0eO -25.07 = 0.00° 0.00 6.27 + 0.15" 2.40 31.34 +0.15' 0.48

aach value in the table represents the means + SD of triplicate analyses. Means within each column with different super-
scripts are significantly (P < 0.01) different. Abbreviations: see Tables 1, 2, and 11.
bTemperature difference between T, and T;.
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