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ABSTRACT: Soybean oils were hydrogenated either electro-
chemically with Pd at 50 or 60°C to iodine values (V) of 104
and 90 or commercially with Ni to iodine values of 94 and 68.
To determine the composition and sensory characteristics, oils
were evaluated for triacylglycerol (TAG) structure, stereospe-
cific analysis, fatty acids, solid fat index, and odor attributes in
room odor tests. Trans fatty acid contents were 17 and 43.5%
for the commercially hydrogenated oils and 9.8% for both elec-
trochemically hydrogenated products. Compositional analysis
of the oils showed higher levels of stearic and linoleic acids in
the electrochemically hydrogenated oils and higher oleic acid
levels in the chemically hydrogenated products. TAG analysis
confirmed these findings. Monoenes were the predominant
species in the commercial oils, whereas dienes and saturates
were predominant components of the electrochemically
processed samples. Free fatty acid values and peroxide values
were low in electrochemically hydrogenated oils, indicating no
problems from hydrolysis or oxidation during hydrogenation.
The solid fat index profile of a 15:85 blend of electrochemically
hydrogenated soybean oil (IV = 90) with a liquid soybean oil
was equivalent to that of a commercial stick margarine. In room
odor evaluations of oils heated at frying temperature (190°C),
chemically hydrogenated soybean oils showed strong intensi-
ties of an undesirable characteristic hydrogenation aroma
(waxy, sweet, flowery, fruity, and/or crayon-like odors). How-
ever, the electrochemically hydrogenated samples showed only
weak intensities of this odor, indicating that the hydrogenation
aroma/flavor would be much less detectable in foods fried in
the electrochemically hydrogenated soybean oils than in chem-
ically hydrogenated soybean oils. Electrochemical hydrogena-
tion produced deodorized oils with lower levels of trans fatty
acids, compositions suitable for margarines, and lower intensity
levels of off-odors, including hydrogenation aroma, when
heated to 190°C than did commercially hydrogenated oil.
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Hydrogenation is used by the oil processing industry to
change the functional and stability characteristics of liquid
oils for applications such as margarines, shortenings, and fry-
ing. Conventional chemical hydrogenation not only increases
saturated fatty acids and trans fatty acids but also contributes
distinctive waxy, fruity, and flowery odors and flavors char-
acteristic of hydrogenation (1-4). Health concerns about
trans fatty acids (5,6) have led to interest in alternatives to
hydrogenation such as modified composition oils, interesteri-
fication, and blending of saturated and polyunsaturated oils.
However, hydrogenation could still be a viable option for
food manufacture if trans fatty acid levels can be reduced. Al-
ternatives to high trans-producing chemical hydrogenation
techniques include processes based on supercritical and elec-
trochemical technology (7-9). Pintauro and co-workers
(10,11) described a low-temperature electrocatalytic hydro-
genation process that produced oils with iodine values (IV)
ranging from 100 to 60 and with less than 10% trans fatty
acids using Pd catalyst and with less than 2% trans fatty acids
using Pt catalyst. The results of analyses showed satisfactory
hydrogenation efficiency, yields and fatty acid profiles indi-
cating potential food use of the hydrogenated oils. To deter-
mine the functionality, stability, and odor/flavor of these oils
and their suitability in food applications, we examined the
compositions of soybean oils that were chemically hydro-
genated or electrochemically hydrogenated and their solid fat
index profiles. In addition, the odor characteristics of these
hydrogenated oils were determined after the oils were heated
to frying temperatures.

MATERIALS AND METHODS

Materials. Soybean oils hydrogenated with nickel catalyst to
IV of 94 and 68 and refined, unhydrogenated, bleached soy-
bean oil were obtained from a commercial oil processor. Elec-
trochemically hydrogenated oils were prepared in the labora-
tory from the commercial refined, bleached soybean oil using
Pd catalyst at either 50 or 60°C to 104 and 90 IV by proce-
dures described by An et al. (10,11) and were then laboratory-
deodorized (12).
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Chemical/physical analysis. Compositional analyses in-
cluded fatty acids (13), triacylglycerol (TAG) (14), and re-
giospecific (15). Fatty acid compositions of the initial oils
were determined by capillary gas chromatographic (GC)
analysis with a Hewlett-Packard 5890 gas chromatograph
(Wilmington, DE) equipped with a SP2330 column (30 m,
0.20 mm i.d., 0.20 micron film thickness; Supelco, Belle-
fonte, PA). Column temperature was held at 190°C for 5 min
and temperature was programmed to 230°C at 20°C/min.
Other GC conditions were: injector, 250°C; detector, 260°C.
IV was calculated from fatty acid composition. The regiospe-
cific analyses to determine the compositions at carbon 2 were
conducted on the TAG using lipolysis, separation by solid-
phase extraction, and transmethylation for GC analyses. The
compositions of the 1,3-carbons were calculated based on the
composition at carbon 2. Details of the procedures have been
published by Neff er al. (15). The TAG compositions were
determined by reversed-phase high-performance liquid chro-
matography with evaporative light scattering detection and
flame-ionization detection. Details of the procedures have
been published by Neff and Byrdwell (14). Free fatty acid
analysis (FFA), peroxide value (PV), and solid fat index (SFI)
were done by AOCS methods (16), Ca 5a-40, Cd 8-53, and
Cd 10-57, respectively. Dropping point was measured using a
Mettler dropping point cell (17).

Sensory analysis. Room odor analysis at 190°C was con-
ducted using previously published methods (2). The surface-
to-volume ratio in the 500-mL glass container simulated
deep-fat heating/frying conditions rather than pan frying.
Odors generated from the heated oil in the hood were pumped
into a 5 X 8 x 10 ft room. Twelve trained analytical sensory
panelists experienced in evaluating heated oil odors individu-
ally entered each room to evaluate the odors for type and in-
tensity, including overall odor intensity and the intensity of
individual odors such as acrid, burnt, doughy, fishy, flowery,
fried food, fruity, hydrogenation, waxy, and woody. The scor-

TABLE 1
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ing scale ranged from 0 = no odor to 10 = strong odor inten-
sity. Sensory data were statistically analyzed by two-way
analysis of variance.

RESULTS AND DISCUSSION

Fatty acid composition. The fatty acid compositions for the
two commercially hydrogenated oils and the two electrochem-
ically hydrogenated oils and for an unmodified soybean oil are
shown in Table 1. The levels of C16:0 for all oils changed only
slightly from the unhydrogenated soybean oil; however, levels
of C18:0 were higher in the electrochemical samples than in
the commercial samples. Monoene levels were higher in the
commercial oils, but C18:2 was higher in the electrochemical
samples. Linolenic acid was 3.2% in the electrochemical sam-
ples but less than 1% in the commercially hydrogenated oils.
Trans fatty acid contents were 17 and 43.5% for the commer-
cially hydrogenated oils and 9.8% for the electrochemically
hydrogenated products. Because the methodology used in this
study did not resolve all isomers of C18:2, any isomer con-
taining trans was pooled and reported as the total trans amount
(Table 1). In comparing the fatty acid compositions of the two
oils with the most similar IV, commercially hydrogenated soy-
bean oil (NiHSBO-1V 94, where IV 94 = iodine value of 94)
and electrochemically hydrogenated soybean oil (PdAHSBO-
IV 90 where IV 90 = iodine value of 90), the PAHSBO sample
had significantly more C18:0, C18:2¢,c and C18:3. On the
other hand, NiHSBO had significantly greater levels of C18:1¢
and C18:1c.

TAG composition. The location of fatty acids on the glyc-
erol moiety is an indication of the potential application and
oxidative stability of the oil or fat. The TAG fraction of a base
stock is responsible for most of a product’s physical proper-
ties and therefore affects texture and mouthfeel. Table 2
shows the TAG compositions grouped as monoenes, dienes,
and trienes (M, D, T) in addition to palmitic and stearic acids

Fatty Acid Composition, lodine Values (IV), and Chemical and Physical Analyses of Soybean Oil (SBO),
Commercially Hydrogenated Soybean Oils (NiHSBO), and Electrochemically Hydrogenated Soybean Oils

(PdHSBO)

Fatty acid/analyses SBO-IV128  NiHSBO-IV94 NiHSBO-IV68 PdHSBO-IV104 PdHSBO-IV90
C16:0 10.2 10.9 12.1 10.8 11.7
C18:0 4.2 6.4 13.1 12.3 20.6
C18:1t 0.1 13.1 42.8 8.2 8.1
C18:1c 22.4 40.1 28.9 27.7 23.5
C18:2¢,t/t,c/t,t 0.2 3.9 0.7 1.6 1.7
C18:2¢,c 54.8 23.5 2.3 34.8 30.8
C18:3 7.9 0.9 0.2 3.2 3.2
lodine value 128 94 68 104 90
Dropping point (°C) — 22.3 41.6 49 56.9
Peroxide value (RB) — — — 0.9 1.0
Peroxide value (RBD) — 0.1 0.1 0.0 0.2
Free fatty acid (% oleic) (RB) — — — 0.03 0.04
Free fatty acid (% oleic) (RBD) — 0.01 0.02 0.01 0.02

4RB, refined, bleached; RBD, refined, bleached, deodorized; —, not determined.
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TABLE 2
Triacylglycerol (TAG) Composition (%) of Hydrogenated Soybean Oils

TAG? NiHSBO-IV94 NiHSBO-IV68 PdHSBO-IV104 PdHSBO-IV90
TDD 0.1 1.8 1.9 2.0
™ 0.2 0.2 0.8 1.3
DDD 1.1 5.1 9.1 6.1
TDM 1.7 1.7 3.6 3.7
TDP 0.3 0.9 1.4 1.8
DDM 4.7 5.4 11.4 9.6
T™MM 5.1 0.5 2.5 0.0
DDP 3.4 4.3 8.8 8.9
TMP 2.2 0.8 1.5 0.0
DMM 12.6 3.2 8.6 6.6
DDS 7.5 2.1 3.6 3.2
DMP 13.2 5.6 9.4 7.9
PDP 1.6 1.7 2.1 2.4
MMM 13.6 12.5 6.2 3.8
DMS 7.0 15.8 5.2 4.7
PMM 9.2 11.7 5.8 5.6
SDP 5.2 3.7 3.4 3.3
PMP 29 1.4 1.7 2.7
SMM 3.8 3.3 2.0 2.5
SDS 2.1 9.8 2.2 2.8
SMP 2.2 3.7 2.6 2.4
PPS 0.5 0.8 0.4 1.2
SMS 0.0 1.9 1.9 3.8
PSS 0.0 0.9 1.4 4.8
SSS 0.0 1.1 2.6 9.2

M =18:1c+18:1t; D = 18:2¢,c + 18:2t,t; T = 18.3¢ + 18:3¢; P = palmitic;
S = stearic. For other abbreviatons see Table 1.

(P and S). Patterns in the TAG compositions show that the
commercial oil with IV = 68 contained the highest percent-
age of TAG with monoenes alone or in combination with P
or S. Likewise, the commercial oil with IV of 94 had high per-
centages of monoenes, but they were in combination with the
less stable dienes rather than saturated fatty acids. The elec-
trochemical oils had more widespread TAG compositions
across all TAG groupings rather than the 4-5 groups found in
the commercial oils, indicating less selectivity; however, the
monoene-containing TAG in the commercial samples are
mixtures of C18:0c and C18:0¢. The electrochemical oil with
IV 104 had more monoenes and monoenes in combination
with dienes, and the IV = 90 sample had more saturates and
saturates with monoenes. TAG compositions can be evalu-
ated for patterns indicative of potential margarine and short-
ening base stocks with special emphasis on the quantity of
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MMM, SMM, PMM, and SDP. The commercial oils had good
TAG compositions for base stocks with 31% of the TAG from
MMM, SMM, PMM, and SDP for the IV 68 oil and 32% in
the other commercial oil whereas the electrochemically hy-
drogenated oils had 15 and 17% . In comparing the TAG com-
positions of the two oils with the most similar IV, commer-
cially hydrogenated NiHSBO-IV 94 and electrochemically
hydrogenated PAHSBO-IV 90, the PAHSBO sample had sig-
nificantly more dienes and saturates. The NiHSBO had gen-
erally greater amounts of monoenes. The TAG composition
also can help predict the relative oxidative stability and fry-
ing oil stability. Compositions with no trienes and only one
diene would have the greatest oxidative stability (18). Based
on this TAG composition, all four of the oils would have good
stability in high-stability applications with 99 and 74% of
these TAG in the 68 and 94 IV commercial oils, respectively,
and 64% and 56% of these TAG in the 90 and 104 IV electro-
chemical oils respectively.

Regiospecific composition. Compositions at the internal
(position 2) and external (positions 1,3) carbons also provide
information about suitability as potential base stocks. Natural
oils have dienes concentrated at carbon 2 and saturated fatty
acids at carbons 1,3 (18). These hydrogenated oils followed
the same pattern, with few effects from type of hydrogena-
tion (Tables 3,4). Although unmodified oils have no saturates
at the carbon 2 position, base stocks should have saturates at
position 2 in order to provide proper functionality (17). Based
on these recommendations, the commercial oil with IV of 68
and both electrochemically hydrogenated oils would be ap-
propriate for base stocks.

Chemical/physical analysis. Oxidation and hydrolysis
were monitored by PV and FFA as a measure of primary oxi-
dation products and hydrolysis, respectively. Electrochemical
hydrogenation exposed oxidatively unstable bleached oil to
both water and oxygen, thereby enhancing the potential for
both hydrolysis and oxidation. PV for the electrochemically
hydrogenated refined, bleached oils were low (0.9-1.0), indi-
cating little oxidation after hydrogenation, and were O or
0.2 after deodorization (Table 1). FFA for the electrochemi-
cally hydrogenated refined, bleached oils were also low
(0.03-0.04), indicating little hydrolysis after hydrogenation.
FFA were 0.01-0.02 after deodorization. Both commercially
deodorized oils had initial PV of 0.1 and FFA of 0.02. All PV
and FFA measurements were low and within standard soy-

TABLE 3

Fatty Acid Composition (%) at TAG Carbon 2 of Hydrogenated SBO?

Fatty acid NiHSBO-1V94 NiHSBO-1V68 PdHSBO-1V104 PdHSBO-1V90
C16:0 0.6 0.1 0.6 1.4
C18:0 3.0 9.7 5.4 3.6
C18:1t 16.3 53.6 9.8 7.3
C18:1c 42.3 32.2 31.0 28.6
C18:2t,t/c,t/t,c 3.8 1.1 2.0 2.5
C18:2¢,c 32.6 3.1 47.8 51.3
C18:3 1.1 0.0 3.2 4.7

aFor abbreviations see Tables 1 and 2.
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TABLE 4
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Fatty Acid Composition (%) at TAG Carbons 1(3) of Hydrogenated SBO?

Fatty acid NiHSBO-1V94 NiHSBO-1V68 PAHSBO-IV104 PdHSBO-IV90
C16:0 16.1 17.8 15.9 16.7
C18:0 8.1 14.6 15.8 28.9
C18:1t 11.6 37.0 7.3 8.6
C18:1c 39.1 27.0 26.1 20.6
C18:2tt/c,t/t,c 3.9 0.5 1.3 1.3
C18:2¢,c 18.9 1.9 28.3 20.1
C18:3 0.9 0.2 3.2 2.5

aFor abbreviations see Tables 1 and 2.

bean oil specifications (19). Readings for the dropping point,
a measure of the effect of fatty acid composition on melting
point, were significantly higher for the electrochemically hy-
drogenated products than for the commercial oils. Values of
49 and 56.9°C for the IV 104 and 90 oils, respectively, re-
flected the effect of low trans fatty acid content. Dropping
points of 22.3 and 41.6°C were measured for the commercial
oils with IV of 94 and 68, respectively. A margarine oil was
prepared using 15% of the IV 90 electrochemically hydro-
genated oil and 85% liquid soybean oil. The SFI of the blend
was compared with that of a liquid margarine. Results (Fig. 1)
showed different SFI curves for the two products; however,
the SFI for the blend at 33°C was sufficient.

Sensory analyses. Hydrogenation of soybean oil intro-
duces a characteristic aroma and flavor that can be removed
by deodorization (1); however, the aroma can be evident
when oil is heated at frying temperatures and in fried food es-
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FIG. 1. Solid fat indices of commercial liquid margarine and blend of
15% electrochemically hydrogenated soybean oil (SBO) [iodine value
(V) = 90] with 85% liquid SBO.
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pecially in more highly hydrogenated oils (2). This complex
aroma/flavor characteristic of hydrogenation, which has been
described as waxy, fruity, flowery, and crayon-like (3), can be
easily detected in a hydrogenation plant. Hastert (4) stated
that although no particular compounds have been identified
as definitely responsible for this odor/flavor, isomeric unsatu-
rated acids probably produce the sensory response. Room
odor tests not only reflect the odors emanating from a frying
operation but also act as an indicator of the potential flavor of
the fried food. The odors reported from heated oils in room
odor tests have also been detected in flavor analyses of the
foods fried in the oils (3). In this study of the room odor of
the four hydrogenated oils, both overall odor intensities and
hydrogenation odor intensities were significantly higher in
the commercial samples than in the electrochemically hydro-
genated oils (Fig. 2). The intensities of the hydrogenation
odor in the electrochemical samples were at weak levels of
2.0 or less, whereas for the commercial oils the same odor had
intensity levels in the moderate range from 4.5 to 5.5. There
are many factors that could be responsible for formation of
the characteristic hydrogenation odor compounds found in
oils hydrogenated under commercial conditions such as high
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FIG. 2. Overall room odor intensity scores and hydrogenation odor in-
tensity scores of hydrogenated oils. NiHSBO, commercially hydro-
genated soybean oil; PAHSBO, electrochemically hydrogenated soy-
bean oil; for other abbreviation see Figure 1. Error bars indicate stan-
dard deviations of the means of three replicate samples.
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temperature (150-225°C) as well as type of catalyst (such as
nickel) (20). Conditions for electrochemical hydrogenation
included lower temperatures of 50-60°C as well as Pd or Pt
catalysts which might contribute to lower hydrogenation odor
intensities.
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