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Abstract: The catalytic selective hydrogenation of soybean oil, which is a renewable, sustainable, and easily bi-
odegradable natural substance, was carried out over 42 % Ra-Ni, 5 % Pt/C, and 23 % Ni/SiO2 catalysts for the 
preparation of industrial intermediates, such as lubricant base oils. The rate of reduction of each component in 
the oil, with a maximum formation of oleic acid and a minimum increase in the amount of stearic acid, over 23 
% Ni/SiO2 was traced quantitatively by means of 1H-NMR spectroscopy and capillary gas chromatography. 
The occurrence of trans fatty esters during the hydrogenation was confirmed using FT-IR spectroscopy, but 
the presence of trans-olefins could not be confirmed.
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Introduction

1)

  Hydrogenation of edible vegetable oil is a very im-
portant process in the chemical industry. The first aim of 
this study was to produce different base oils for lu- 
bricants. Generally, most lubricants are produced from 
petroleum oil. However, such lubricants have side bran- 
ches on a main carbon chain. Therefore, they are not 
easily biodegradable, leading to environmental problems 
and pollution. Today, the reserves of petroleum crude oil 
are decreasing and we are faced with the risk of exhaust-
ing the existing reserves. Some experts forecast that 
crude oil could be available for only another 100 years. 
Furthermore, the price of oil is increasing sharply. 
Therefore, we need to substitute fossil fuels with other 
energy sources.
  From an environmental point of view, the use of renew-
able feedstock is of great interest. Vegetable beans and 
oils are synthesized by photosynthesis. Thus, vegetable 
oil would be a renewable and sustainable feedstock if we 
could control the rate of planting and harvest of vegeta-
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ble plants. In addition, vegetable oils are easily bio-
degradable because structurally they possess straight 
chains without branching.
  In this study, we chose soybean oil as the vegetable oil 
for two main reasons. Firstly, the production of soybean 
oil is high in China; in 2005, 6.21 mil. tons of soybean 
oil were produced, covering ca. 8 % of the world 
production. China also imports 1.70 mil. tons of oil to 
cover domestic demand in excess of its production. 
Secondly, at present soybean oil is used mainly as an edi-
ble oil. Because we can reutilize recovered frying oil to 
produce materials for lubrication, we can also increase 
the value of soybean oil and the environment can be 
protected. For these reasons, we used soybean oil for the 
starting material for lubricants. 
  Because the viscosity of vegetable oil is too low for use 
as a lubricant, we need to increase its viscosity. The oil 
consists of triglycerides with several long-chain fatty 
acids, which are mainly unsaturated 18-carbonatom 
chains. The hydrogenation of oil reduces the diene lino-
leic acid (cis-9, cis-12-octadecadienoic acid) and triene 
linolenic acid (cis-9, cis-12, cis-15-octadecatrienoic acid) 
contents of the product, inducing a somewhat higher re-
sistance to oxidative rancidity and hydrolysis; the re-
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Table 1.  Compositions of Soybean Oils
Component

SBO
C16:0 C18:0 C18:1 C18:2 C18:3

SBO (I) 9.52 3.65 22.08 56.13 6.58

SBO (II) 15.40 6.20 22.00 45.70 7.60

Figure 1. Gas chromatogram of biodiesel (composition) in the 
presence of an internal standard, C17:0.

sultant material has a more favorable pour point than do 
polyolefinic ones because the normal liquid oil is 
changed into semisolid or solid products with a desired 
consistency over a certain temperature range. 
  Another goal of this study was the hydrogenation of oils 
with the maximum formation of oleic fatty acid 
(cis-9-octadecenoic acid) and a minimum increase in the 
amount of stearic acid, maintaining a low cis-trans iso-
merization [1].
  Reductions of soybean oils that occur on the surface of 
the catalyst are controlled by several factors, including 
the pore volume, pore size, surface area of the catalyst,  
and hydrogen pressure [2,3].

Experimental

Composition of Soybean Oil
  We used two kinds of soybean oils. Their compositions  
were quantified by means of gas chromatography with a 
capillary column (DB-Wax, 30 m × 0.25 mm × 0.25 µm) 
after transesterification with methanol [e.g., Figure 1, 
SBO (I)], and are summarized in Table 1. 

Reduction of Soybean Oil

General Procedure
  In a 500 mL Parr autoclave, 100 g of purified oil and 1 

g of catalyst (1.0 wt% 5 % Pt/C and 23 % Ni/SiO2) were 
heated to 150∼170 oC with mechanical stirring. When 
the temperature reached the indicated value, the water in 
oil and air were replaced by hydrogen twice as quickly 
and the following reaction conditions were set: 5 atm hy-
drogen pressure and 500∼700 rpm.
  After heating at different temperatures, 170∼200 oC, 
for 1 h, the reaction was stopped and hydrogen was 
purged under cooling in a water bath.
  After cooling to a moderate temperature (ca. 80∼100 
oC) the reaction mixture was filtered under vacuum, us-
ing a Büchner funnel with hot water circulation, while 
still warm. The products were analyzed using gas chro-
matography and 1H-NMR and FT-IR spectroscopies. 
Table 2 summarizes the reaction conditions and results 
under 5 atm of hydrogen pressure and 500 rpm.

High Pressure Reaction
  With Ra-Ni catalyst
  Procedure
  A mixture of 100 g of purified oil (I) and 1 g of catalyst 
was placed in a 500 mL Parr autoclave and heated to 170 
oC with stirring. When the temperature reached 170 oC, 
the water vapor and air were replaced by hydrogen, two 
times, and  the reaction conditions and reaction time 
were set. After the reaction was complete, the reduced oil 
was cooled moderately (to ca. 80∼100 oC) and separated 
from the catalyst using a Büchner funnel under vacuum. 

  Preparation of Ra-Ni Catalyst
  Digestion of aluminum was carried out with 10∼20 %  
sodium hydroxide solution (1.2 equivalents). Alloy pow-
der was added slowly into the alkali solution at 50∼60 
oC (42 % Ni); this reaction is exothermic and proper 
cooling is needed. About 90 % of the Al was digested in 
the first 30 min and then left overnight to allow 
completion. Washing with distilled water was required 
and it was used to store the active catalyst to prevent it 
from oxidation in air.

  With 5 % Pt/C catalyst [BET surface area: 922.47 
m2/g; average pore size: 18.59 Å]

  According to the procedure above, refined soybean oil 
(I) was reduced to 43 and 25 % by using 5 % Pt/C cata-
lyst at 200  oC and 5 atm hydrogen.

  With 23 % Ni/Silica catalysts [Johnson Matthey; BET 
surface area: 204.23 m2/g; average pore size: 32.76 
Å]

  (a) Refined soybean oil (I) was reduced to 23 and 54∼
57 % by using 23 % Ni/Silica catalysts at 200  oC and 5- 
atm hydrogen.
  (b) The same reduction reactions of soybean oil (II) 
with 23 % Ni/SiO2 catalyst were performed at various 
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Table 2.  Hydrogenation of Soybean Oil Using Various Catalysts
Item

Entry Catalyst and amount used (g) Rx Temp.
(oC)

Rx Pressure
(atm)

Degree of reduction
(%)

HP-1 Ra-Ni (1g) 100 10 No reaction
HP-2 Ra-Ni (2g) 180 10 No reaction
HP-3 Ra-Ni (4g) 170 10 No reaction
HP-4 Ra-Ni (4g) 280 10 ~15 %
HP-5 5 % Pt/C (1g) 200 5 ~43 %
HP-6 5 % Pt/C (1g) 200 5 ~50 %
HP-7 5 % Pt/C (1g) 200 5 22~23 %
HP-8 5 % Pt/C (1g) 200 5 42~45 %
HP-9 23 % Ni/SiO2 (1g) 200 5 22~23 %

HP-10 23 % Ni/SiO2 (1g) 200 5 54~57 %
HP-11 5 % Pt/C (1g) 180 5 ~30 %

temperatures (170∼190 oC) and reaction times to de-
termine the rate of reduction of each of the double bonds.

Transesterification
  In a 100 mL round-bottomed flask, equipped with a 
magnetic stirrer and an air-cooled condenser, 28 g (0.03 
mol) of soybean oil 20 g (0.6 mol) of methanol, and a 
catalytic amount of potassium hydroxide (300 mg) were 
added. The mixture was heated at 50 oC for 30∼60 min 
with vigorous stirring. After the reaction was complete, 
the mixture was neutralized with dilute hydrochloric acid 
and the excess methanol was evaporated using a rotary 
evaporator under vacuum. The glycerol was separated 
from the oily layer. 1 µL of the oil was injected into a gas 
chromatograph.

Viscosity Measurement
  The viscosities of the products were measured using an 
Ubbelohde viscometer at 40 and 100 oC (ASTM D445- 
96).

Analysis 
  1) Gas chromatographic analysis: The transesterified 
products were analyzed by means of capillary GC. The 
operation conditions were as follows:
  Instrument: Younglin D 5000
  Column: DB-Wax (30 m × 0.25 mm × 0.25 µm)
  He flow: 0.5∼1.0 mL/min
  Split ratio: 1/50
  Detector and injector temperatures: 250 oC           

  The oven temperature program began at 150 oC for 5 
min and was increased by 10 oC/min to 250 oC, and then 
maintained at 250 oC for 10 min. The gas chromatogram 
of biodiesel is displayed in Figure 1. From the gas chro-
matograms, the amount of each double bond and change 
in its amount were determined.

  2) 1H-NMR spectroscopic analysis: The products were 
analyzed by means of 1H-NMR spectroscopy to quantify 
the degree of reduction. Thus, we could quantify the of 
double bonds in the cases of triglyceride oil and/or 
biodiesel. Instrument: DRX-300FT (German Brucker)
  3) FT-IR spectrophotometer: To identify the formation 
of trans fatty acid (ester), an FT-IR spectrophotometer 
was used. Instrument: Bio-Rad Digilab Division, FTS- 
165 FT-IR Spectrophotometer.

Results and Discussion

Reduction of Soybean Oil

With 42 % Ra-Ni Catalyst
  Table 2 shows the reaction results obtained under the 
different conditions. Ni-catalysts on silica and alumina 
are usually used in the hydrogenation of oils [5,6]. 
Therefore, we activated Ra-Ni catalyst and tested its 
activity. As shown in Table 2, the reaction did not occur 
at 170 oC, even at 10 atm of hydrogen. We increased the 
catalyst amount to 4 %, but no reaction took place. At 
280 oC, only ca. 15 % of reduction was achieved within 1 
h. The reasons may be attributable to the poor reactivity 
of Ra-Ni catalyst from the small surface area (∼100 
m2/g), the change of the surface to its oxide upon storage, 
and/or its not being suitable for the reduction of  olefinic 
fatty glyceride. Concerning the reaction temperature, 
Weissebach [7] reported that above 200 oC and at low 
hydrogen concentration, the catalytic reduction of double 
bonds in fatty acids can lead to the formation of traces of 
cyclic aromatic compounds. Therefore, we carried out 
the reaction at temperatures below 200 oC. The other cat-
alysts, 5 % Pt/C and 23 % Ni/SiO2, showed good 
activity. 
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Table 3.  Compositional Change of Reduced Soybean Oil over 
5 % Pt/C

Red.degree

Component

Pure SBO 
(%)

25 % reduced
SBO (HP-7), (%)

50 % reduced
SBO (HP-6), (%)

C16:0   9.52 11.30 11.73
C18:0   3.65 19.51 19.39
C18:1 22.08 49.10 44.74
C18:2 56.13   7.24   5.16
C18:3   6.58   3.34   0.00

Figure 2.  1H-NMR spectra of pure oil (2-a) and reduced (2-b). 

With 5 % Pt/C Catalyst
  Table 3 shows  the compositional changes of 25 and 50 
% reduced oils over 5 % Pt/C, quantified by gas chro-
matgraphy after transesterification with methanol. By 
proceeding to higher reduction, the linolenic and linoleic 
acid components changed to oleic and stearic acids, as 
expected. The content of linoleic acid decreased remark-
ably from 56 to 5∼7 %. On the other hand, the stearic 
acid and oleic acid contents increased from 3.65 to 19.5 
% and from 22.08 to 44∼49 %, respectively. Balakos [2] 
reported that among the operating conditions affecting 
the performance of the catalysts, the temperature and cat-
alyst concentration have positive effects on the hydro-
genation to oleic acid, while pressure and agitation have 
negative effects. More interestingly, the more hydrogen 
in the oil, the more chance for the hydrogenation of mon-
ounsaturates, i.e., the selectivity to oleic acid decreases.

Viscosity Change Depends on Hydrogenation Degree
  As shown in Table 4, as the reduction proceeded, the oil 
changed to a semisolid form with increasing viscosity. If 
the reduction proceeded over 30 %, it was difficult to 
measure the viscosity at 40 oC. Oil reduced by ca. 25 % 
behaved half-solidified, and then solidified if the reduc-
tion proceeded to ca. 50 %. By comparing the viscosity 

Table 4. Viscosity of Reduced Soybean Oils
Item

Entry

At 40 oC 
cSt

At 100 oC 
cSt

Viscosity 
index (VI)

Degree of 
Reduction 

(%)
HP-6 9.19 197 50
HP-7 41.6 8.70 214 22∼23
HP-8 9.16 42∼45
HP-9 38.66 8.72 22∼23
HP-1 28.92 7.46 243

SBO (Ⅰ) 29.68 8.09 267
SBO (Ⅱ) 30.12 7.68 241

Scheme 1. Transesterfication of oil with alcohol.

with other naturally occurring oils, the ca. 22∼23 %-re-
duced soybean oil showed similar values to those of 
olive oil and palm oil: ca. 40 cSt at 40 oC [8]. 

Reduction with 23 % Ni/SiO2 and Quantification of the  
Degree of Reduction

Analysis by 1H-NMR Spectroscopy: Triglyceride
  In early research, the reduction degree was monitored 
by measuring the iodine value, refractive index, and 
melting point. These methods are used traditionally [9],  
but recently the iodine value and Raman spectroscopic 
method [6] are used commonly. In this study, the re-
duced soybean oil (triglyceride) was analyzed by means 
of 1H-NMR spectroscopy to measure the reduction 
degree. The signals at δ5.35 (multiplet) and δ 4.15 and 
4.26 (double doublet) were chosen as analysis signals. 
The former originated from olefinic protons; the latter 
from glycerolic protons. As shown in Figures 2a and 2b, 
upon increasing the extent of reduction, the signal in-
tensity at δ5.35 is decreased. By integration of the ratio 
between the olefinic and glycerolic protons, the reduction 
degree was calculated.

Analysis by 1H-NMR Spectroscopy: Biodiesel
  To ensure reduction of the products, transesterifications 
of the reduced oil with methanol were carried out 
(Scheme 1). The product was analyzed by means of 1H 
NMR spectroscopy. Figures 3a and 3b show 1H-NMR 
spectra of the biodiesel after reduction. The signal at δ
3.45 originated from the methyl group bound to an ester 
group of the reduced (saturated) fatty ester, and that at  
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(a) (b)
Figure 3. (a) 1H NMR spectrum of soybean oil after transesterification. (b) Comparison of the reduction rate of double bonds as a 
function of time at 190 oC.

Figure 4. 1H-NMR spectroscopic analysis of double bonds.  
Temperature- and time-dependence of reductions at 170 oC.

δ3.64 from the ester methyl group of the olefinic fatty 
ester. As shown in Figure 3b, from the intensity ratio be-
tween the two signals at δ3.44 and δ3.63, the reduction 
ratio could be determined. The disadvantage of 1H-NMR 
spectroscopic analysis is that we could not quantify each 
ester directly. However, as shown in Figures 4 and 5, the 
results of two measuring methods, with whole range spec-
tra (0.0∼10.0 ppm) and narrow range expansion spectra 
(4.0∼6.0 ppm), agreed well. Thus, the analysis results are 
convincing.

Analysis by Means of Capillary GC 
  We determined the reduction rate of each double bond, 
in the form of oleic, linoleic, and linolenic fatty acid es-
ters, by gas chromatography. Of the two quantification 
methods, i.e., the area percentage and internal standard 
methods, we chose the area percentage method to assure 
accurate results. Figure 1 shows the gas chromatogram of 
a reduced biodiesel, namely a mixture of fatty esters that 
came from the soybean oil.

Figure 5. 1H-NMR spectroscopic analysis of double bonds. 
Temperature- and time-dependence of reductions at 180 oC.

  The analysis results from 1H-NMR spectroscopy and 
gas chromatograms are shown in Figures 4∼7. As ex-
pected, the reduction proceeded at reaction temperatures 
of 170, 180, 190, and 200 oC. Through the process of 
soybean oil reduction, the double bonds in linolenic and 
linoleic esters should be reduced predominantly to the 
oleic acid, approaching the composition of olive oil.
  Generally, in industry the reduction is performed at 
about 200∼220 oC and 5∼7 atm, but not over 20 atm, in 
1∼3 h, depending on the catalyst and oil/fat [10,11]. 
Therefore, the reduction at 170∼200 oC and 5-atm H2 
did not  proceed well. As shown in Figure 5,  the reduc-
tion was ca. 20 % completed within 80 min at 180 oC. At 
170, 180, and 190 oC, after ca. 30 min, the reduction be-
gan and, after 60 min, the reduction proceeded further. 
  As shown in Figure 6, the amount of oleic acid in-
creased, linoleic acid decreased remarkably, and lino-
lenic acid disappeared.  At both 180 and 190 oC, the three 
double bonds in linolenic acid were consumed after ca. 
80 min, which agrees well with the results obtained using 
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Figure 6. Gas chromatographic analysis of each component in 
biodiesel. Temperature- and time-dependence of reduction at 
180 oC.

Figure 7. Gas chromatographic analysis of each component in 
biodiesel. Temperature- and time-dependence of reduction at 
190 oC.

soybean oil (I), shown in Table 3. If we calculate the 
conversion of each double bond in the linoleic and lino-
lenic esters of soybean oil (II) based on the gas chroma-
tograms, ca. 97 % of linolenic acid (3 double bonds) and 
15 % of linoleic acid (2 double bonds) changed into oleic 
acid. Namely, the oleic acid content increased by ca. 26 
%, reaching a total of 44 %. Surprisingly, stearic acid 
was not formed under these reaction conditions. Balakos 
[2] proposed an explanation according to Coenen’s ex-
planation [12] related to enhanced selectivity of the 
hydrogenation. Namely, the selectivity depends strongly 
on pore size. In the case of  23 % Ni/SiO2, the average 
pore size is 32.75 Ǻ; triglyceride molecules (15∼20 Ǻ) 
and hydrogen 2.4 Ǻ can move freely in and out of the 
pores without much hindrance. In this situation, hydro-
genation favors the most unsaturated fatty acids; there-
fore, the saturated stearic acid is not formed. On the other 
hand, as shown in Table 3, over 5 % Pt/C, the stearic 
acid content increased remarkably. This finding might  
be attributable to the small pore diameter of 18.59 Ǻ. 
Because of the narrow pore size compared with that of  
23 % Ni/SiO2, 32.75 Ǻ, the triglycerides could not move 
freely and rocked inside the pore; only hydrogen could 

Fig. 8. IR spectrum of the product reduced at 200 oC for 80 
min.

diffuse to react with the olefinic triglyceride, leading to 
the saturated stearic acid. Therefore, stearic acid formed  
to a greater exent on 5 % Pt/C than on 23 % Ni/SiO2.

Confirmation of Trans Ester in the Reduced Product
  During the hydrogenation over the Ni catalyst, many re-
actions take place; the isomerization of double bonds 
from cis to trans is the most important. Also, there are 
indications that trans fatty acids may be metabolized dif-
ferently from their cis isomers [13] and demonstrate dif-
ferent toxicological safety [14] as far as their effects on 
blood lipid levels are concerned. To minimize the occur-
rence of trans isomers, many methods have been tested, 
namely different supports, preparation procedures [15], 
bimetallic catalysts [9], and amine additives [1]. There- 
fore, in this study, we traced the level of trans isomer 
formation during the hydrogenation of soybean oil.
  Drozdowski and coworkers [16] reported that the iso-
merization coefficient for soybean oil is 0.5∼0.6, while 
that of rapeseed oil is 1.0∼1.1. They advised the use of 
low temperature, increased pressure, intensive mixing, 
and fresh catalyst to reduce trans-isomer formation. 
Balakos [2] also mentioned the same tendencies, and that 
the formation of trans isomers is related to hydrogen ab-
sorption into the oil. Namely, trans isomers are formed 
when the triglycerides desorb from the catalyst surface 
without being hydrogenated. In our study, the temper-
ature range was 170∼200 oC under 5 atm hydrogen, and 
the stirring rate was 500∼700 rpm. We checked the ole-
finic trans and cis proton signals by means of FT-IR 
spectra; they appeared at υC=C 1657, δCH 1300, and γCH 
690 cm-1 for cis isomers and at υC=C 1672, δCH 1410, 
and γCH 980 cm-1 for trans isomers [17]. For quantifica-
tion of the trans fatty acid content, the GC method with a 
100 m fused silica capillary column was used [18,19].
  As shown in Figure 8, in the IR spectrum of the product 
reduced at 200 oC for 80 min, we do not observe the 
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peaks originating from trans isomers. This result might 
be attributed to the pore width, low temperature, high ag-
itation, and fresh catalyst in each batch.

Conclusions

  To obtain base oils for lubricants, we reduced soybean 
oils at 5-atm hydrogen, 500~700 rpm, and 170∼200 oC 
over catalysts (5 % Pt/C and 23 % Ni/ SiO2), and trans-
esterified the reduced soybean oil. 
  To analyze the reduced products, a convenient method, 
namely 1H-NMR spectroscopy, was applied first; addi-
tionally, FT-IR spectroscopy and capillary gas chroma-
tography were also adopted.
  1) During the soybean oil reduction, the double bonds 
in linolenic and linoleic esters were reduced, forming the 
oleic acid esters.
  2) According to 1H-NMR spectroscopic analysis, trigly-
cerides were ca. 20 % reduced in 80 min. After 30 min, 
the reduction began and after 60 min the reduction pro-
ceeded further. 
  3) To confirm the degree of reduction, we trans-
esterified the reduced oil with methanol and compared 
the signal intensities of methyl groups bound to the ester 
group of the olefinic fatty ester and the saturated ester. 
  4) According to gas chromatographic analysis, ca. 97 
% of linolenic acid (3 double bonds) and 15 % of lino-
leic acid (2 double bonds) changed into oleic acid. The 
oleic acid content increased by ca. 26 %, reaching a total 
of  44 %.
  Over 5 % Pt/C catalyst, a remarkable amount of stearic 
acid was formed. Surprisingly, in reactions over 23 % 
Ni/SiO2, stearic acid formation was not observable. 
These results may be attributable to the pore size of each 
catalyst.
  FT-IR spectroscopic analysis of the reduced products, 
indicated that the occurrence of trans isomers during the 
catalytic reduction under the reaction conditions was 
negligible. 
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