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Rapeseed oil has been the source of edible oils in many 
parts of the world. In the last decade, Canadian plant 
breeders have developed new rapeseed cultivars which 
yield oil low in erucic acid and meal low in glucosinolates. 
These cultivars were named "canola" by the Canadian 
rapeseed industry. Literature on the hydrogenation 
characteristics of canola oil is limited; however, in recent 
years, several aspects of canola oil hydrogenations with 
commercial nickel catalysts have been reported including 
the formation of trans-isomers, trisaturated glycerides 
and physical properties. In addition, as the methods for 
determination of sulfur compounds in canola oil devel- 
oped, the effect of some isothiocyanates on the hydro- 
genation rate was further investigated to determine the 
relative catalyst  poisoning ability of several of these 
sulfur compounds. However, during the last few years, 
most  of the efforts were directed towards development 
of novel, selective and active catalysts  for canola oil 
hydrogenations.  These studies cover a wide range of 
homogeneous and heterogeneous catalysts  including 
sulfur poisoned nickel, gold supported on silica, arene- 
CrICO) 3, RuCI21CO)2(PPh3)2, palladium on carbon, palla- 
dium black and nickel and arene-Cr(CO} 3 mixtures. Ef- 
fects of temperature, pressure, catalyst concentration and 
catalyst preparation procedure on the hydrogenation rate, 
selectivity, catalyst  life and quality of the oil were ex- 
amined and compared with that  of commercial nickel 
catalysts. A brief discussion about continuous hydrogena- 
tions of canola oil with commercial fixed bed catalysts  
is also included. 

In the last decade, Canadian plant breeders have devel- 
oped new rapeseed cultivars which yield oil low in erucic 
acid and meal low in glucosinolates. These cultivars were 
named "canola" by the Canadian rapeseed industry. The 
impor tant  properties of both  canola and high erucic acid 
rapeseed cultivars are shown in Table 1 (1). Plant breeding 
efforts resulted in reduction of glucosinolate content that  
has a drastic effect on residual sulfur content  of the oil. 
Devinat  e t  al. (2) have classified sulfur compounds into 
volatile, thermolabile and nonvolatile groups. They sug- 
gested tha t  volatile sulfur compounds are suspected of 
cata lys t  poisoning. Most  of the sulfur compounds are 
believed to originate from decomposition of glucosinolates 
(3). They are mainly isothiocyanates,  thiocyanates  and 
sulfates which also can further  decompose to give 
oxazolidine-2-thione, hydrogen sulfide and several other 
sulfur compounds as secondary decomposition products. 
A recent s tudy by Wijesundra and Ackman t4) has iden- 
tified nonvolatile sulfur-containing fa t ty  acids (9,2, 8,11 
and 7,10 epithio stearic acids) which contr ibute sulfur to 
the oil in the stable form of triglycerides that  resist refin- 
ing procedures. Canola oil with sulfur increases the re- 
quired ca ta lys t  usage if the oil has not  been properly 
degummed, refined and bleached. As can be seen in 
Table 2, even these processes cannot completely reduce 
the residual phosphorous, sulfur and coloring pigments 

*To whom correspondence should be addressed. 

TABLE 1 

Comparison of Canola and Other Rapeseed Cultivars i1) 

Canola Traditional rapeseed 

Oil composition 
Erucic acid ~%) <1 45 
Linolenic acid (%) 13 9 
Linoleic acid (%) 20 14 
Oleic acid (%) 60 15 
Phospholipids (%) 3.6 3.3 
Sulfur ppm <17 25-40 

Meal glucosinolates <26.5 gmol/g 70-120 ~mol/g 

TABLE 2 

Effect of Pretreatment and Bleaching on Various Contaminants 
of Canola Oil 15) 

Acid pretreated/ 
Contaminants Acid degummed oil bleached oil 

Phosphorous (ppm~ 10-45 <5 
Chlorophyll (ppm) 5-35 <0.1 
Lovibond red 

(5 1/4" cell} >10 5-18 
Fe (ppm) 0.5-1.5 <0.1 
FFA (%) 0.4-1.0 0.5-1.1 
PV a me/Kg 0.5-3.0 0 
S Ippm) <5 <1 

aMilliequivalent of oxygen per 1000 grams of fat. 

of the oil (5). The remaining sulfur increases catalyst  and 
hydrogen usage and changes the product  selectivity by 
forming nickel-sulfur compounds on the surface of the 
catalyst  that  will have different selectivities and activities 
than the active nickel. 

Reductions of erucic acid content  have been reflected 
in increases of oleic and linoleic contents, which have been 
increased from 15 and 14% to 60 and 20%, respectively. 
The majority of longer chain fat ty  acids has been replaced 
mainly by oleic acid and, to some extent ,  by linoleic acid, 
thus raising the level of C18 fa t ty  acids to about  95%. 
This change has affected the melting characteristics and 
polymorphic behavior of the hydrogenated canola oil, 
which mainly exists in the/~ form crystal structure having 
5-25 gm crystal  size and undesirable grainy texture  (6). 

The canola oil has fairly large amounts  of oleic and 
hnolenic acids as compared to other oils. The linolenic acid 
content  possesses a stability problem due to the high ox- 
idation rate of linolenic, which is 15 times greater  than 
for oleic acid (7). 

The composition of canola oil is similar to that  of peanut 
and olive oil, with large amounts  of oleic acid, which is 
desirable in frying oils. Another  distinct advantage of 
canola oil is a low saturated fa t ty  acid content  (8). 

The composition of canola oil is compared with other 
oils of commercial significance in Table 3. Due to their 
high phospholipid and free fa t ty  acid contents, both soy- 
bean and canola oil require degumming and refining in 
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TABLE 3 

Comparison of Composition of Crude Soybean, Canola, 
Palm and Peanut Oils 

Soybean a Canola b Palm a Peanut a 

Fatty acids 0.3-0.7 0.4-1.0 4.6 0.5-1.0 
Phosphatides (gum} 

(%) 1.5-2.5 3.6 0.05-0.1 0.3-0.4 e 
Sterols/triterpene 

alcohol (%) 0.33 0.53 0.1-0.5 0.2 
Tocopherols (%) 0.15-0.21 0.06 0.003-0.1 0.02-0.06 
Carotenoids (mg/kg) 40-50 25-50 500-1600 >1 
Chlorophyll/ 

pheophytins (ppm) 1-2 5-25 
Sulfur [ppm) 12-17 
Iodine value 123-139 112-131 44-60 84-100 

a Ref. 8. 
bRef. 1. 

cont ras t  to pa lm and peanut  oils which can be directly 
physically refined. Canola oil can easily be degummed 
either by  water  and/or s team t rea tmen t  or a combination 
of both  water  and acid (citric, phosphoric and/or malic 
acid} treatment.  The residual phosphorous contents of the 
oils are impor tan t  factors  in hydrogenat ion and are ap- 
proximate ly  200 and 50 p p m  from water  degumming and 
acid degumming,  respect ively (5). 

The content  of tocopherol, a na tura l  ant ioxidant  in 
canola, is comparable to those of peanut  and pa lm oil but  
is less than  tha t  of soybean oil. This is an impor tan t  fac- 
tor  for oils with high linolenic acid contents  as na tura l  
ant ioxidants  can reduce the shelf life of the product  and 
prevent  its oxidation during s torage and processing. 

Canola oil is rich in chlorophyll and pheophyt ins  which 
m u s t  be removed by  bleaching in order to obtain good 
quali ty oil. The green color of chlorophyll is usually con- 
ver ted to russet-colored pheophyt ins  during ext ract ion 
by part ial  loss of magnesium. Ei ther  of these p igments  
can reduce the hydrogenat ion ra te  (9). Oils with chloro- 
phyll content of up to 20 p p m  can be adequately bleached, 
but  additional s teps are needed to br ing the color to ac- 
ceptable levels when chlorophyll exceeds 20 p p m  (10). 

CANOLA OIL HYDROGENATIONS 

Batch hydrogenations. Informat ion  on canola oil hydro- 
genat ion and propert ies  of the hydrogenated  products  
was scarce in the early 1980's. During the last  five years, 
however, l i terature on canola oil has mushroomed,  pro- 
viding da ta  on every aspect  of hydrogenation,  process 
design, theory, development of catalysts  and physical pro- 
perties, chemis t ry  and crys ta l  s t ruc ture  of the hydro- 
genated  products.  These developments  are discussed in 
the following sections. 

Hydrogenation of  canola oil with commercial nickel 
catalysts. Reports  have been published by deMan and E1- 
Sha t to ry  (ll) ,  EI -Sha t tory  et al. (12-15} and Bansal  and 
deMan (16,17}, who examined the hydrogenation behavior 
of these oils with commercial  heterogeneous nickel 
catalyst .  

E1-Shattory et al. (12,13} examined effects of tempera-  
ture and hydrogen pressure on hydrogenat ion of canola 
oil f rom the cul t ivar  Zephyr. Pressure and t empera tu re  
increased the ra te  of hydrogenat ion,  whereas the selec- 
t iv i ty  rat ions were influenced more by pressure than  by  
temperature.  In a later s tudy (14}, the influence of catalyst  
concentrat ion on the hydrogenat ion of canola oil, Tower 
variety,  was examined. I t  was determined tha t  nickel 
ca ta lys t  concentrat ion of more than  0.2% did not result  
in any appreciable improvement  in the rate  of hydrogena- 
tion. Tower canola oil was hydrogenated  under selective 
(200~ and 48 KPa  H2 pressure} and non-selective con- 
ditions (176~ and 303 kPa) using different commercial  
and AOCS nickel ca ta lys ts  (13}. Trans-isomer content,  
iodine values, f a t ty  acid composi t ion and physical  pro- 
pert ies such as the dropping point  and solid fat  content  
were compared. 

The chemical composit ion and physical  propert ies  of 
canola oil ex t rac ted  from mixed seeds of the cult ivars  
Regent, Tower and Candle, and from the cult ivar Regent  
alone were subject to another s tudy by Bansal and deMan 
(16,17). Table 4 illustrates the effect of reaction conditions 
on activity, percentage of trans-isomer formation, SI I  and 
linoleic selectivity. Comparison of the samples  taken at  
40 min (Table 4) shows high activity,  as well as the trans- 
isomer formation for the reactions performed at the selec- 
t ive conditions. S I I  values also indicate the format ion of 
high trans-isomers, which is thermodynamical ly  more 
favorable compared to cis-isomers. Trans-isomer content  
as a function of iodine value in selective and nonselective 
hydrogenated canola oil using commercial nickel catalysts  
is shown in Figure 1. Their s tudy  (16) also indicates tha t  
loss of cis-cis-methylene in ter rupted dienes occurred in 
the early s tages  of the hydrogenat ion process. Cata lys t s  
had a great  influence on the physical  propert ies of the ob- 
tained products.  

The deviation between d i la tometry  and N M R  was 
greater  at  higher values than  at  lower values. The solid 
fat  content  of the samples  obtained at  40 min with wet  
reduced nickel ca ta lys t  H were nearly twice as high as 
those obtained from dry reduced nickel catalyst  F (Fig. 2). 
However,  hydrogenat ion of the same oil for 80 min under 
nonselective conditions using the same cata lys ts  showed 
behavior which was opposite to tha t  obtained from selec- 
t ive conditions (Fig. 3). On the other hand, samples ob- 
tained from the hydrogenation of Regent canola oil in the 

TABLE 4 

Hydrogenation of Canola Oil with Nickel Catalyst ~16) 

Time Reaction Activity Trans Linoleic 
(min} conditions AIV/min IV [%) SII selectivity 

20 Selective a 0.79 102.7  29 .5  187.9 46.7 
40 Selective 0.74 88.8 46.5  157.1 9.8 
60 Selective 0.61 81.6 55 .6  151.1 8.5 
40 Non-selective b 0 . 3 4  104 .8  19.7 144.9 _c 
80 Non-selective 0.42 84.9 35.3  105.4 _c 

120 Non-selective 0.39 71.7 42.0 89.9 _c 

a200~ 48 kPa and 0.2% nickel catalyst. 
bl60~ 303 kPa and 0.2% nickel catalysts. 
c Not available. 
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FIG. 1. Trans-isomer content as a function of iodine value in selec- 
tive and non-selective hydrogenated canola oil using commercial 
nickel catalyst  (16). 
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FIG. 2. Solid fat index and solid fat content (NMR) profiles for selec- 
tive hydrogenation of canola oil using nickel catalysts  (16). 

p r e s e n c e  of  a n i c k e l  c a t a l y s t  i n i t i a l l y  h a d  l o w e r  so l i d  f a t  
c o n t e n t s ,  b u t  u p o n  c o n t i n u a t i o n  of  t h e  r e a c t i o n  t h i s  
c a t a l y s t  p r o d u c e d  h i g h e r  s o l i d  f a t  c o n t e n t s .  D i f f e r e n c e s  
in  a c t i v i t i e s  a n d  s e l e c t i v i t i e s  of  t h e  o i l s  w e r e  r e l a t e d  t o  
t r a c e  a m o u n t s  of  s u l f u r  c o m p o u n d s  (17). d e M a n  e t  al. (18) 
a n d  T e a s d a l e  (19) h a v e  i l l u s t r a t e d  t h a t  d i f f e r e n t  c a t a l y s t s  
a n d  p r o c e s s i n g  c o n d i t i o n s  w o u l d  c o v e r  a w i d e  r a n g e  of  
i o d i n e  v a l u e s  a n d  so l id  f a t  i n d e x  (Fig.  4 a n d  T a b l e  5). T h e  
d e t a i l e d  e v a l u a t i o n  of  a c o m m e r c i a l  c a t a l y s t ,  P r i c a t  9906 ,  
h a s  s h o w n  t h a t  t h e  r e q u i r e d  s e l e c t i v i t y  a n d  a c t i v i t y  c a n  
b e  o b t a i n e d  b y  c a r e f u l  t e m p e r a t u r e  a n d  p r e s s u r e  c o n t r o l .  
T h i s  a l s o  a f f e c t s  t h e  c o n t e n t s  of  t r i s a t u r a t e s ,  w h i c h  c a n  

TABLE 5 

Analysis  of Selectively and Non-selectively Hydrogenated 
"Tower"  Canola Oil (19) 

Temperature ~ 

IV 10.0 21.1 26.7 33.3 40.0 

Selective 
conditions a 

118.5 . . . . .  
86.2 10.8 1.4 0.1 --  --  
83.6 19.4 5.1 1.5 --  -- 

79.5 27.0 7.8 0.1 -- - -  
72.8 41.3 22.5 15.9 5.3 --  
68.8 50.2 31.8 25.0 11.8 1.5 
64.3 58.8 43.4 38.3 23.1 7.3 
61.3 62.3 49.9 45.3 30.1 11.8 

Non-selective 
conditions b 

86.0 6.2 1.8 1.2 0.4 --  
83.8 9.5 3.1 1.9 0.4 --  
79.3 14.0 5.0 3.2 0.7 --  
76.6 16.5 6.4 4.3 1.4 --  
71.6 24.5 13.4 8.2 4.5 0.2 
70.4 27.3 14.0 9.8 6.1 1.3 
64.3 36.3 21.1 16.3 11.3 4.1 
60.5 43.2 27.9 22.7 17.2 7.9 

a T  = 205~ P = 42 kPa, nickel concentrat ion = 0.05%. 
bT = 135~ P = 415 kPa, nickel concentration = 0.05%. 

U] 

1 

t J_ 

"U 

O3 

4 0 -  

�9 - -  �9 SF(NMR) Catalyst H 
35-- ~ 0 - - o  SF(NMR) Catalyst F 

~+--~+ SR CAtalyst H 
30 - ~ � 9 1 4 9  SR Catalyst F 

_ ( 80 rain. Sample ) 
25- 

20 : 

15- 

10- 

5-  

0 , :. 
0 5 10 15 20 25 30 35 

Temperature o C 

FIG, 3. Solid fat index and solid fat content (NMR) profiles for non- 
selective hydrogenation of canola oil using nickel catalysts  (16). 
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F IG .  4. Solid fat (NMR)  after 60 rain selective and 120 rain non- 
selective hydrogenation of canola oil using nickel catalysts  (17). 
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increase the stability of the product by promoting for- 
mation of/]-crystals {18). 

Catalyst recycling, a common practice in the edible oil 
industry, has resulted in marked increases in iodine value 
and steeper solid fat index curves under both selective 
and nonselective conditions. Additions of fresh catalysts 
helped to flatten solid fat index curves (20). 

In another study (21) the effects of selected processing 
conditions on the overall reaction rate and trans-isomer 
formation during hydrogenation of low erucic acid rape- 
seed oil were studied. Trans-isomer formation was 
strongly influenced by temperature. Pressure and cata- 
lyst concentration had minimal effect on cis/trans-iso- 
merization. In addition, it is suggested that the extent 
of trans-isomer formation was also controlled by the 
nature and amount of the unsaturation in the oil and 
overall reaction rate. The effect of solvents on the rate 
of reaction and trans-isomer formation was determined. 
Selectivity was increased when n-hexane was used instead 
of 2-propanol. 

Effects of the presence of sulfur during hydrogenation 
of canola oil were studied by deMan et al. (22) by introduc- 
ing 1, 3 and 5 ppm of allyl isothiocyanate into refined and 
bleached oil. Their results indicate that added sulfur has 
an important effect on canola oil hydrogenation and that 
this effect is greatly influenced by the selective and non- 
selective reaction conditions {Fig. 5). The poisoning effect 
of the sulfur compound was greater under selective con- 
ditions than under non-selective conditions. Relatively 
more sulfur compounds andlor its decomposition products 
were attached to the active surface of the catalyst at lower 
temperature and higher pressure. Addition of 3 ppm or 
more sulfur complexes into the reaction mixture resulted 
in considerable increases in trans-isomer formation, 
mainly because of the change in composition of the ac- 
tive nickel catalyst. Ni-S complexes are well known as pro, 
moters of the side reaction of isomerization (23). 

Reactivity of fatty acids in the different positions of 
the triglyceride structure during hydrogenation of canola 
oil were the same {24). This is in contrast to results ob- 
tained for soybean, cottonseed, sesame, sunflower {25}, 
linseed and cod liver oils (26). 

Most of the fats can exist in a-, fl- and/3'-forms, and 
the fatty acids are packed in hexagonal, orthorombic and 
triclinic crystals, respectively {27). In margarine produc- 
tion, the/?'-form is preferred because of its smaller crystal 
size. However, during storage fl' is converted to 3, which 
has larger crystals and gives margarine a sandy texture. 
The oils of new cultivars of rapeseed {especially canola 
oil) contain less than 1% erucic acid, and the contents of 
C18 acid have increased to about 95%. This affects the 
melting characteristics and polymeric behavior of 
hydrogenated canola oil. Semi-quantitative measure of/3' 
to fl transformation during storage can be followed by a 
densitometer {28}. A selectively-hydrogenated canola oil 
sample with an IV of 70 was found to be more stable com- 
pared to other samples obtained under nonselective con- 
ditions. The degree of stability correlates wth the amount 
of trans-isomers formed. Therefore, it is suggested that 
trans-isomers may perturbate the crystal lattice, thus 
preventing rearrangement to the fl modification {28). 
Scanning electron microscopy studies of the crystal struc- 
ture (29) of hydrogenated canola oil showed that selec- 
tive conditions promote the transformation of/T crystal 
to/3 form. 

Refined bleached canola oil was hydrogenated in the 
presence of various levels of chlorophyll ranging from 
1-10 ppm {9). The hydrogenation rate is greatly slowed 
by chlorophyll under both selective and non-selective con- 
ditions {Fig. 6). Chlorophyll not only affected the rate of 
reaction and selectivity, but also caused variations in the 
physical properties of the hydrogenated products. Drop- 
ping points were slightly different for both samples under 
different conditions. However, 1 ppm or more chlorophyll 
increased solid fat and trans-isomer content of the sam- 
ples more under selective conditions than under nonselec- 
tive conditions. Chlorophyll also accelerated the reduc- 
tion of linolenic acid and production of stearic acid. 
Catalyst poisoning by chlorophyll seems to be more 
physically than chemically oriented. Chlorophyll may col- 
lect at the entrance of the pores and prevent triglyceride 
molecules from exiting the pore, and only triglyceride 
molecules on the surface of the catalyst can be completely 
hydrogenated. 
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FIG. 5. Hydrogenation of canola oil with nickel catalyst  in the 
presence of sulfur compounds, ally isothiocyanates, under selective 
and non-selective conditions (22). 
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FIG.  6. Hydrogenation of canola oil with nickel catalyst  in the 
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Development of  novel catalyst with high activity and 
selectivity. The "per fec t"  hydrogenat ion ca ta lys t  would 
have high activity,  selectivity, be highly res is tan t  to 
poison, easy  fi l tration characterist ics,  s tabi l i ty  at  high 
t empera tu res  and long life expectancy.  The "per fec t"  
cata lys t  would reduce linolenic acid content to acceptable 
levels, while a t  the same t ime re ta ining nutrit ionally- 
impor tan t  linoleic acid, minimize geometrical  and posi- 
t ional isomerization, and produce any range of Solid Fa t  
Index values tha t  the consumer requires. The source of 
the edible oil and/or type  of impur i ty  would be of minor 
concern and low energy requirements  could lower the 
process ing costs.  Of course, no "per fec t"  ca ta lys t  is 
available now. However,  developments  in this area have 
brought  us one more s tep closer to those goals. 

Hydrogenation of canola oil in the presnce of Arene- 
Cr(CO)s complexes. Hydrogena t ion  of canola oil using 
methyl  benzoate  Cr-(CO)3 was examined (30,31) in the 
t empera tu re  range of 145-175~ pressures  of 2.5-5.4 
MPa,  ca ta lys t  concentrat ions of 2 and 4 g metal/1 and at  
an agitat ion ra te  of 565 rpm (Table 6). The triene content  
of canola oil was reduced to 0% to 4.3%, and tota l  trans- 
isomer content  ranges  of 2% to 6.5%. The monoene con- 
ten t  was increased f rom 60% in the original oil to 86.1% 
in hydrogenated products.  No change in s teara te  content  
of the product  was observed. Dienes ranged from 16.1% 
to 5.7%. The activity was highest at 175~ and decreased 
as the t empera tu re  was reduced to 145~ Figures 7 and 
8 i l lustrate the changes in iodine values and trans con- 
ten t  during hydrogenat ion at  different temperatures .  
Trans contents of products  obtained at  175 ~ C was higher 
than  those at  145 and 165~ No direct correlation be- 
tween pressure and trans-isomer format ion was found. 
The resul ts  indicate tha t  trienes and dienes are hydro- 
genated to produce a product  of mos t ly  monoenes. No in- 
crease in sa tu ra tes  was observed during hydrogenat ion.  

Hydrogena t ion  of canola oil using benzene-Cr(CO) 3 
and toluene-Cr(CO)3 was examined at  the same range of 
conditions. The relative activit ies of the ca ta lys t s  and 
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FIG. 7. Iodine value vs time for canola oil hydrogenation using nickel 
and MB-Cr(CO)~ catalysts at equal metal concentrations (30,31). 
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FIG. 8. Trans fatty acid vs time for canola oil hydrogenation using 
nickel and MB-Cr(CO) 3 catalysts (30,31). 

TABLE 6 

Hydrogenation of Canola Oil by Arene-Cr(CO) 3 Complexes a 

Conditions 
Catalysts (arene) MB b B c T d 
(metal g/l) Cr 2.0 2.0 2.0 

Analysis 
Palmitate 4.1 4.3 4.5 4.5 
Stearate 1.4 1.6 1.5 1.6 
Monoenes 60.0 75.0 72.1 71.7 
Dienes 22.7 14.4 15.8 15.8 
Trienes 10.5 2.0 2.5 4.7 

Iodine values 117.6 100.0 101.4 104.8 
Trans-isomer 0.0 2.5 2.4 1.9 
Linolenate selectivity -- 1.85 1.90 1.22 
Specific isomerization index -- 13.98 15.06 14.69 
Activity -- 0.073 0 . 0 6 8  0.053 

aTemperature, 165~ agitation, 565 rpm; pressure, 3.4 MPa; time, 
4 hr (30,31). 

bMethyl benzoate. 
c Benzene. 
dToluene. 

trans-isomer format ion decreased in the order of co- 
ordinated arenes: C6H~COOCH3 > C6H6 > C6HsCH3. I t  is 
sugges ted  tha t  this order resul ts  f rom an increase in 
stability of the arene-Cr bond caused by electron donating 
groups.  

Figure 9 is a typical  g raph  showing levels of trienes, 
dienes, monoenes and s teara te  and iodine values during 
hydrogenat ion of canola oil using methyl  benzoate,  
benzene and toluene-Cr(CO)3 complexes.  Select ivi ty  
towards  cis-isomer formation,  rapid hydrogenat ion of 
cis, cis-methylene in ter rupted  dienes, no format ion of 
sa turates  and production of high levels of monoenes have 
been well explained on the basis  of the proposed cisoid 
mechanism (30,31), Methyl  benzoate-Cr(COh catalyzed 
hydrogenat ion of canola oil resulted in a Specific 
Isomerizat ion Index of 25.30 at  an iodine value of 90.6. 
The Specific Isomerizat ion Index for nickel catalyzed 
hydrogenat ion was 67.9 a t  an iodine value of 79.9. The 
act ivi ty  of nickel was five t imes higher than  tha t  of 
methyl  benzoate-Cr(CO)3, based on the amount  of metal  
per liter of oil under identical conditions. K6seo~lu 's  
results  (30) show tha t  the methyl  benzoate-Cr(COh com- 
plex is very selective in hydrogenat ion of canola oil. The 
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FIG. 9. The change in composition of canola oil during the methyl 
benzoate-Cr(CO) 3 catalyzed hydrogenation (175~ 3.4 MPa, 2 g 
Cr/liter, 565 rpm) {30,31). 

products of hydrogenation contained 3-7 % trans-isomers 
and less than  0.1% linolenate at  an iodine value of 90. 
Positional isomer analysis  of the products  also clearly 
suppor t  the proposed mechanism. 

In cont ras t  to superior selectivity towards  cis-isomer 
production, high linolenate and linoleate selectivities and 
s tabi l i ty  towards  ca ta lys t  poisons, methyl  benzoate  
Cr-(CO) 3 ca ta lys t s  are less active and more expensive 
than  nickel, and are difficult to separa te  f rom the 
products.  

Hydrogenation of canola oil in the presence of mixed 
catalyst system of commercial nickel and methyl benzo- 
ate-Cr(CO)3 complexes. The unique selectivity of methy l  
benzoate-Cr(CO)3 toward product ion of cis-monoenes 
without  formation of saturates ,  as well as the reasonable 
linolenic content  combined with superior activity and low 
cost  of the commercial  nickel ca ta lys t  has s t imula ted  
researchers to find ways  to combine them to produce a 
ca ta lys t  tha t  has the advan tages  of both  catalysts .  The 
first  s tudy  was done by  Kbseo~lu (30,32), who examined 
the hydrogenat ion character is t ics  of a mixed ca ta lys t  
sys t em composed of heterogenous nickel and homo- 
geneous methyl  benzoate  chromium carbonyl  complex. 

When equal amounts  of bo th  ca ta lys t s  were used dur- 
ing hydrogenat ion,  the changes in IV, trans-isomer con- 
t en t  and product  composi t ion were a lmost  identical to 
those produced by  the methyl  benzoate  Cr-(CO)3 com- 
plex alone (Table 7). I t  was suspected tha t  the methyl  ben- 
zoate chromium tricarbonyl blanked off all the active sites 
of the nickel catalyst .  Only when the chromium tricar- 
bonyl complex was reduced to about  a tenth  of the 
original concentration,  while keeping the nickel concen- 
t ra t ion  constant ,  did the character is t ic  behavior  of the 
nickel begin to emerge. The molar ratio Ni:Cr -- 7.19 was 
found to be the t ransi t ion point below which point  the 
ca ta lys t  behaves  like pure nickel, while above this ratio, 
its action resembles tha t  of methy l  benzoate  chromium 
tricarbonyl.  Wi thout  Ni, the Cr ca ta lys t  at  this concen- 
t ra t ion  would be completely inactive. The trans-content 
of the oil was higher than  tha t  obtained with chromium 
alone, but  it was only half of tha t  result ing from Ni under 
the same conditions. At  this rat io and an iodine value of 
95.1 the final product  contained low stearate ,  less than  

TABLE7 

H y d r ~ e n a t i o n o f C ~ o l a ~ l b y M e t h y l ~ C f l C O ~  ~ d N i ~ e l  

Conditions 
Catalysts 
(metal g/i) Ni 
(metal g/l) Cr 
(molar ratio) Ni/Cr 

Analysis 
Palmitate 
Stearate 
Monoenes 
Dienes 
Trienes 

Iodine values 
Trans-isomer 
Linolenate selectivity 
Linoleate selectivity 
Specific 

isomerization index 
Activity 

A B C D E 
2.0 2.0 2.0 2.0 2.0 
0.0 2.0 0.48 0.22 0.0 

0.89 3.73 7.19 

4.1 3.4 3.4 3.3 3.5 4.4 
1.4 75.4 2.1 3.4 5.9 1.5 

60.0 19.3 71.1 66.6 72.6 76.7 
22.7 0.0 17.9 20.0 14.4 14.0 
10.5 0.0 3.6 4.7 1.8 2.5 

117.6 20.4 104.1 105.4 95.1  100.4 
0.0 10.7 2.6 6.5 12.8 3.1 

1.89 2.05 1.89 1.5 
62.56 13.11 13.56 -- 

11.0 19.31 53.32 56.89 51.07 
3.24 0.45 0.41 0.75 0.57 

Temperature 175~ agitation 565 rpm, pressure 3.4 MPa, time 30 
min (30,31). A, B, C, D, and E are the mixed catalysts and their com- 
position given as g/metal/liter oil. 

TABLE 8 

Hydrogenation of Canola Oil with RuCI2(CO)2(PPh3)2 (33) 

Max. trans- 
Catalyst type isomers % IV SII 

Nysel HK-4 26.2 95.4 91.6 
AOCS catalyst 26.1 92.6 83.1 
RuC12(CO)2(PPh3)2 27.4 58.6 41.9 

T = 140~ P = 750 psig, Ru = 179.9 10-4%, IV ~ = 124. 

3% linolenic acid and high levels of linoleate and oleate, 
but  had a trans-isomer content of 12.8%. I t  was suggested 
tha t  the advan tages  of both  heterogenous nickel and 
homogeneous methy l  benzoate  chromium tr icarbonyl  
complex could be combined by  opt imizat ion of pressure 
and t empera tu re  at  the t ransi t ion point. Act iv i ty  of the 
mixed ca ta lys t  is 50 t imes more than  the chromium car- 
bonyl complex alone. Linoleate and linolenate selectivities 
also are a t  desirable levels resul t ing in products  similar 
in composit ion to olive oil (Table 7). Research on the in- 
teraction between nickel and methyl  benzoate  chromium 
carbonyl can produce valuable theoretical information on 
the nature  and number  of active ca ta lys t  sites available 
for the hydrogenat ion.  

Mixed ca ta lys t  sys t ems  seemed to offer a method of 
producing an immobilized homogeneous catalyst  that  can 
be removed by  fi l tration after  completion of hydrogena- 
tion. One can also combine homogeneous and hetero- 
geneous ca ta lys t s  to produce custom-designed ca ta lys t  
sy s t ems  for the edible oil processors  while retaining the 
advan tages  of both. 

Hydrogenation of canola oil in the presence of RuCl 2- 
(CO)JPPh3)2. Dichlorodicarbonylbis (triphenylphosphine) 
ru thenium (II) catalyzed hydrogenat ion of canola oil 
was studied for effects of temperature ,  pressure,  cata- 
lys t  concentrat ion on activity,  selectivity and product  
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FIG.  11. C o m p a r i s o n  of the activities of RuCI2(CO)2(PPh3) 2 and 
commercial nickel catalysts  (33). 

distribution and then compared with that of the AOCS 
and a commercial catalyst (33). An increase in pressure 
from 50 to 600 psi increased the average activity during 
the first 15 rain from 0.55-4.0 as expressed hIV/min. Low 
pressures had a significant effect on trans-isomer forma- 
tion (Fig. 10) and SII, which increased from 22.1 to 157.1 
with the decrease of pressure from 750 psi to 50 psi. The 
reaction below 100~ was very slow in contrast to 
temperature ranges of 180-100~ Below 180~ the 
ruthenium complex had a high initial activity but level- 
ed off after reaching an iodine value of about 80. The 
distribution of products obtained from gas chromato- 
graphic analyses indicated that this levelling off resulted 
from decomposition of the ruthenium complex. The rela- 
tionship between the catalyst concentration and iodine 
values was not linear, and no significant change was 
observed in trans-isomer formation. Linoleanate selectiv- 
ity ranged from 1.8-2.5, which is comparable to that of 
nickel, but linoleate selectivity was less than one tenth 
of the nickel catalyzed reactions. 

Table 8 compares products obtained from the hydro- 
genation of canola oil in the presence of the AOCS 
catalyst ,  Nysel HK-4 (20) and RuC12(CO)2(PPh3) 2 

complex. Figure 11 clearly illustrates high activity of 
ruthenium catalyst compared to that of the AOCS and 
commercial nickel catalyst. Lowest trans-isomer produc- 
tion was obtained with the ruthenium catalyst, which 
took only 15 min to complete the hydrogenation. 

Homogeneous ruthenium catalysts showed extremely 
high activity and fairly good selectivity towards the 
minimal formation of trans-isomers. The major drawbacks 
of these catalysts are their low linoleate selectivity and 
filterability (33). However, they may be excellent con- 
tinuous hydrogenation catalysts if immobilized on a 
support. 

Hydrogenation of canola oil with gold catalyst. The 
catalytic activity and selectivity of gold supported on 
silica or ),-alumina, its reuse and effect of catalyst sup- 
porting methods and conditions in the hydrogenation of 
canola oil have been examined by Caceres et al. (34). The 
hydrogenations were performed at 150-250~ and 3.55- 
5.62 MPa with catalysts loadings of 1-5% Au w/w on 
silica and y-alumina. Alumina supported catalysts were 
found to be more stable than the silica supported gold 
catalysts. Activities of gold catalysts differed depending 
on supporting method, reduction time, conditions and 
procedure. However, low pressure reduction stabilized the 
catalysts and gave reproducible results. At the same con- 
centrations, the activity levels of gold catalysts were 
about 30 times lower than that of the AOCS catalyst. The 
alumina supported gold catalysts were reused up to 20 
times. A gradual increase in the activity of the catalyst 
was observed with continuing reuse, up to three times of 
that of the fresh catalyst. This may be due to a combin- 
ed effect of further reduction and decrease in the parti- 
cle size of the support. Major fat ty acids, trans-isomer 
content and IV of the products obtained from gold cata- 
lyzed hydrogenation of canola are given in Table 9. The 
product with IV of 103.4 resembles brush hydrogenated 
oils. It contains only 2.7% linolenic, 1.8% stearate, 8.8% 
trans-isomer and also retains most of linoleic acid. If the 
hydrogenation is continued further, it produces mostly 
monoenes in a trans-form and saturates. The gold catalyst 
produces nearly colorless oil free of traces of gold prob- 
ably due to the rapid hydrogenation of the pigments dur- 
ing the initial part of the reaction. The catalyst 's high 
stability, easy separation from the oil, multiple use and 
the initial selective reduction of linolenic makes it a good 
candidate for the continuous hydrogenation. 

Hydrogenation of canola oil in the presence of palladium 
catalysts. The use of palladium black and palladium sup- 
ported on carbon, A1203 and BaSO 4 as a replacement for 
commercial nickel catalyst was investigated by Hsu et al. 
(35,36). 

TABLE 9 

Major Fatty  Acids of Hydrogenated Canola Oil 
U s i n g  Gold Supported on Alumina (34) 

IV % trans C18:0 C18:1 C18:2 C18:3 

117,0 0.0 1.7 60.1 22.7 10.5 
103.4 8.8 1.9 71.8 19.3 2,7 

92,4 24.2 2.4 86.0 7,1 - -  
81,2 51.1 7.1 88.3 - -  - -  
70.1 57.6 17.6 77.8 -- -- 

T = 200~ P = 500 psig, C - 2.3 g Au/1 oil. 
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In their earlier s tudy (35) they have reported formation 12o 
of a black precipitate at the end of a very slow hydrogena- 
tion of canola oil with a mixture  of dichlorobis triphenyl- 
phosphine pal ladium (II) and s tannous  (II) chloride 
di lhydrate  at  500 psig and 110 ~ When the "pal ladium 
black" precipitate is used as the catalyst ,  hydrogenat ion 
can be performed at  70~ and 750 psi pressure.  The 
following exper iments  were done using commercial ly 
available palladium black. Act ivi ty  of the catalysts,  mea- 
sured as the overall ra te  constant ,  increased with a five- 
fold increase in pressure tha t  was more drast ic  at  70~ 
than  at  50~ 

Pressure had an inverse effect on trans-isomer forma- 
tion, and increasing the pressure from 250 to 750 psig 
resul ted in the S I I  value dropping from 82 to 34.6. 
Pressure did not  effect linolenate selectivity, but  the 
linoleate selectivity increased as pressure decreased. 
Canola oil hydrogenat ions  using 560 p p m  pal ladium at  
30 ~ and 50~ produced ra te  cons tants  of 0.13 • 10 -2 
min -1 and 4.03 X 10 -2 min -1, a 30-fold increase over the 
20 ~ temperature  increment. However, a tempera ture  in- 
crease from 50-70~ did not increase the rate at  the same 25 
magni tude  as before, p robably  due to mass  t ransfer  
limitations. Linolenate selectivities ranged from 1.2 to 4.4, 
depending on the tempera ture  of the reaction. Palladium 
black can catalyze the reaction at  a level of only 6% of 
commercial  nickel catalyst ,  and produces 20% less trans- 
isomers than  the nickel ca ta lys t  does. Palladium black 
has higher act ivi ty  at  low temperature ,  produces less 
trans-isomers, and can be used at 50-150 times lower con- 
centrat ion than  nickel, but  is 150-250 times more expen- 
sive. I t  is more difficult to completely remove from the 
mixture  than  nickel is, and its recovery is key for com- 
mercial utilization. In a later  study, Hsu  et al. (36) 
repor ted on the hydrogenat ion character is t ics  of sup- 
por ted pal ladium cata lys ts .  Activi ty,  selectivity and 
trans-isomer format ion character is t ics  of pal ladium on 
three supports: carbon, alumina and bar ium sulfate at the 
temperature ,  pressure and ca ta lys t  concentrat ion range 
of 50-110~ 50-750 psig and 5-100 ppm, respectively, 
are shown in Table 10. 

Activit ies of 5% Pd on alumina and 5% Pd on BaSO4 
were almost  identical, especially at  the earlier par t  of the 
reaction (Fig. 12). On the other hand, in contras t  to Riesz 
and Weber ' s  findings (37), BaSO4 promoted  more trans- 
isomer format ion than  the other suppor ts  (Fig. 13). The 
advan tages  of alumina and bar ium sulfate suppor ted  
catalysts,  including high activity and selectivity towards 
cis-isomer production, is shown in Table 10. The least  ac- 
t ive ca ta lys t  was pal ladium black. 

TABLE 10 

Hydrogenation of Canola Oil using Palladium (35,36) 

Catalyst IV % trans SII SLn SLo k • 1000 (min -1) 

Pd black a 67.6 15.0 32.0 1.2 2.5 0.18 
Pd on C 78.5 13.0 36.1 1.1 3.9 3.43 
Pd on A1203 73.9 9.4 23.2 1.0 2.7 8.90 
Pd on BaSO 4 76.6 14.4 38.0 1.3 4.5 8.73 
Pd on A1203 77.9 12.9 35.2 1.5 4.2 6.10 
Pellets 

T = 70~ P = 750 psig, C = 50 ppm. 
ac = 64 ppm. 
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FIG.  12. Effect  of catalyst  support on activity during the canola 
oil hydrogenations at 5.1 MPa, 70~ and 50 ppm Pd (36). 
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FIG.  13. Effect  of catalyst  support on trans-isomer formation dur- 
ing canola oil hydrogenation at 5.1 KPa,  70~ and 50 ppm Pd (36). 

An increase in pressure, t empera ture  and ca ta lys t  con- 
centration increased the rate of reaction. The trans-isomer 
content was most ly  affected by pressure and was reduced 
from 37 to 9% for the pressures of 50 and 750 psig, respec- 
tively. No change was observed when the ca ta lys t  con- 
centrat ion increased from 5 p p m  to 100 ppm. Tempera-  
ture had a minor effect, and the only change was f rom 
10.5 to 17.3 for 60~ and 90~ A compara t ive  s tudy  of 
canola oil and soybean oil hydrogenat ions  with different 
ca ta lys t  concentrat ion showed tha t  the s ta r t ing  oil type  
also affects reactivi ty.  

The pressure showed the largest  effect on linoleic selec- 
t iv i ty  and ranged f rom 17.8 to 2.4. A change in ca ta lys t  
concentrat ion slightly increased linoleate selectivity. 
Linolenate selectivities were found to be cons tan t  with 
ca ta lys t  concentrat ion and were reduced by  change in 
pressure.  Higher  hydrogen pressures  suppressed posi- 
tional isomerization (36). No difference in positional 
isomer formation was observed between the unsupported 
and suppor ted  palladium complexes. 

In conclusion, pal ladium-supported ca ta lys t s  seem to 
offer an al ternat ive to commercial  nickel catalyst .  
However,  work on ca ta lys t  reuse and evaluat ion of the 
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phys i ca l  p rope r t i e s  of h y d r o g e n a t e d  p r o d u c t s - - i n c l u d i n g  
so l id  fa t  index,  c r y s t a l l i z a t i o n  and  m e l t i n g  p o i n t  char-  
a c t e r i s t i c s - - n e e d s  to  be  de t e rmined .  

C o n t i n u o u s  h y d r o g e n a t i o n  o f  c a n o l a  oil. Con t inuous  
h y d r o g e n a t i o n s  of cano la  oil w i t h  c o m m e r c i a l  f ixed  bed  
c a t a l y s t s  have  been r epo r t ed  in the  l i t e ra tu re  (38). Discus-  
s ions  in th i s  p a p e r  inc lude  the  ef fec t  of p roces s  p a r a m -  
e te rs ,  such  as  h y d r o g e n  f low ra te ,  oil f low ra te ,  t e m p e r a -  
tu re  on iodine va lue  drop,  se lec t iv i ty  and  t r a n s - i s o m e r  for- 
ma t ion .  However ,  no i n f o r m a t i o n  is p r e s e n t l y  ava i l ab l e  
a b o u t  the  life e x p e c t a n c y  of  the  c a t a l y s t ,  s e l e c t i v i t y  and  
a c t i v i t y  a f t e r  con t i nuous  c a t a l y s t  reuse,  e q u i p m e n t  
des ign ,  s e n s i t i v i t y  t o w a r d s  d i f fe ren t  t y p e s  of f eeds tock  
and  commerc i a l  f ea s ib i l i t y  of t he  process .  
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