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The hydrogenat ion of cot tonseed oil has been carried 
out in a batch reactor using both unmodif ied and chro- 
mia modified nickel catalysts .  The process variables 
include chromium to nickel  a tomic  ratio (0.00-0.35}, 
catalyst  particle size (200-400 micron}, temperature (120- 
140~ and pressure (5-10 bar}. Chromia was  found to 
suppress  the stearate formation completely,  a l though 
it retarded the overall hydrogenat ion activity of  nickel. 
Its  opt imum content  in the catalyst  was  found to be 
0.17 Cr/Ni atomic ratio; the data corresponded to 5 hr 
reaction time. The kinetics  of  the process was  tested 
and found to fol low a first order reaction with respect 
to l inoleate and half order with respect to  hydrogen.  
The activation energy was  found to  be 11.8 kcal/mole. 

The hydrogenation of vegetable oil plays an important  
role in the expanding production of edible fats and 
margarines.  The hydrogenat ion  process part ia l ly  or 
fully saturates  and isomerizes the double bonds of fa t ty  
acid moieties, and increases the melting point as well 
as the stability to oxidative changes of the products.  
Industrial  hydrogenation units widely use nickel sup- 
ported on silica gel as the catalyst  (1). However, the 
details of process development in respect to catalyst  
modifiers (in particular) are not  available in the litera- 
ture. 

Kinetics studies have been made by many scien- 
tists with a variety of oils, such as cottonseed, soy- 
bean, sunflower and rapeseed oil; however, the major- 
i ty  of these studies have dealt  with co t tonseed  oil. 
Eldib and Albright (2) showed that  the iodine value 
decreased according to first order kinetics during hy- 
drogenation. Using this concept, many investigations 
were carried out by others, including Wisniak and A1- 
bright  (3), Albright (4), Hashimoto et al. (5), Bern (6) 
and Marangozis  et al. (7). Van der Plank et al. (8) 
investigated the kinetics of double bond migration dur- 
ing the hydrogenation of fa t ty  oils. Gut  et aL (9) stud- 
ied the kinetics of hydrogenation of sunflower oil and 
found tha t  the reaction scheme followed a dual site 
Langmuir-Hinshelwood mechanism. 

In the present  work partial hydrogenation of cot- 
tonseed oil was carried out with chromium-modified 
nickel catalysts.  The aim of the investigation was to (i) 
s tudy the effect of chromium on nickel catalyst,  and 
(ii) determine the kinetics of the hydrogenation reac- 
tion. 

batch. Hydrogen was bubbled through the oil at a rate 
of 1 liter per minute, measured at the room tempera- 
ture. The experiments were conducted over a tempera- 
ture range of 100-140~ catalyst  particle size range 
of 200-400 microns and pressures of 5 and 10 bar. 
Fur the r  details of the procedure are available else- 
where [10). 

Materials. A refined cottonseed oil was chosen for 
the present  study. I ts  fa t ty  acid composition (mole %) 
was palmitic 22.5, stearic 3.5, oleic 22.5 and linoleic 
51.5. The catalyst  was 25% nickel by weight. Chromia 
was used as the catalyst  modifier, and its content  was 
varied from 0.07 to 0.35 Cr/Ni atomic ratio. Silica gel 
acted as the catalyst  support; its B E T  surface area 
was 32 m2/g. All hydrogenations were carried out at a 
catalyst  loading of 0.1% nickel with respect to oil. 

Catalys t  preparation. Prede termined  amounts  of 
nickel ni t rate  or a mixture of nickel ni t rate  and chro- 
mium nitrate  were dissolved in 50 ml distilled water. 
A known amount  of silica gel was transferred to a 
three-necked, 250-ml flask. One neck was connected 
to a vacuum pump, the second was fi t ted with a ther- 
mowell and the third was used for charging the feed. 
The silica gel was degassed for about 5 min under 300 
mm Hg vacuum at 60~ Then the solution was added 
to the silica gel and heated to l l 0 ~  under vacuum 
with gentle shaking for about 30 min for evaporation 
of water. Thereafter,  the samples were dried at 120~ 
for 1 hr and calcined at 450~ for 4 hr in a horizontal 
furnace. Finally the catalyst  was reduced at 450~ by 
passing a hydrogen s t ream through it at 60 1/hr for 4 
hr {11). 

Analyt ical  methods. The oil samples were analyzed 
by gas liquid chromatography (12). The triglycerides 
were converted into methyl  esters which were analyzed 
on a 2 m long stainless steel column (3 mm dia.) packed 
with 20% D EG S  on chromosorb-W. The chromatograph 
was fitted with a flame ionization detector. Iodine value 
was est imated by the Wijs method (13). 

Kinetic model. Albright (14) presented the follow- 
ing scheme to describe the kinetics of both hydrogena- 
tion and cis/trans isomerization: 

SCHEME 1 

EXPERIMENTAL PROCEDURES 

Apparatus.  The hydrogenation was carried out in a 
l-liter autoclave with 620 ml of cot tonseed oil in each 

When cis/trans composi t ions are represented  collec- 
tively, then the hydrogenation reaction can be repre- 
sented as: 

L kl ( O + T )  k 2 s  [1] 
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When a selective catalyst  does not  produce any stearate, 
then the decoupling reaction scheme for linoleate dis- 
appearance can be expressed as: 
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- rL = - -  d c L  ----- k *  C ~  CL [2] 
d t  H 

The reaction rate is assumed to be first order with 
respect to linoleate. Moreover, the reaction order a for 
hydrogen is assumed to be independent of temperature  
and extent  of conversion. 

Evaluation of rate parameters by a nonlinear re- 
gression method. The parameters  k and a in the rate 
Eq. [2] were est imated by nonlinear regression (15). 
The rate expression can be conveniently rewrit ten as: 

- r L = A exp ( -E /RT)o  C%CL [3] 
H 

This rate expression assumes the validity of the Arrhe- 
nius equation. Furthermore,  using a reference tempera- 
ture T1 (corresponding rate constant  being k,), the spe- 
cific rate constant  k may be represented by: 

k = k, exp (_E)(1/T -- l/T1) [4] 

On substi tut ion of this value of k, Eq. [2] becomes: 

(-E I I ~ - - r L = k l e x p  ~ - ) ( T ~  I It L [51 

It  should be noted tha t  the concentration of hydrogen 
in oil, CH, is the equilibrium solubility of hydrogen in 
cot tonseed oil. This was est imated by the Wisniak and 
Albright correlation (3). 

RESULTS AND DISCUSSION 

Catalyst evaluation. Nickel catalysts  supported on sil- 
ica gel were used in the present  work with and without 
chromia (Cr2Oa). The nickel content  of the catalyst  was 
kept  at 25% by weight on the basis of the l i terature 
(1). The content  of chromia was varied between Cr/Ni 
atomic ratios of 0.07 and 0.35. A comparison was made 
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between unmodified and modified catalysts  under iden- 
tical reaction conditions (140~ 5 bar, 5 hr, 0.3 mm 
part icle size and 1200 rpm). Figure 1 presents  the 
results obtained with the unmodified catalyst  along 
with those obtained with modified catalyst  contain- 
ing the opt imum Cr/Ni ratio of 0.17. The most  signifi- 
cant point to note is tha t  the s tearate  concentration 
increased from 3.5-46.7% with unmodified catalyst  in 
the range of process conditions studied, while there 
was practically no change in the s tearate  content  when 
the modified catalyst  was used under the same condi- 
tions. 

Effect of modifier concentration. Results with vary- 
ing concentration of chromia are presented in Table 1 
and Figure 2. 

Chromia selectively reduced linoleate to oleate with- 
out raising stearate  concentration. However, the over- 
all reduction of iodine value was less when chromia 
was added to nickel. Therefore, chromia did not act as 
a promoter  of nickel catalyst  in the strict sense of the 
term; rather, the catalyst  was modified by chromia. 

The 5-hr reaction concentration of oleate at tained 
a maximum of 52.2% at the Cr/Ni ratio of 0.17. I t  was 
lower for catalysts  with higher or lower Cr/Ni ratios. 
This is in accordance with the role played by a pro- 
moter  or modifier in catalysis. A large increase in pro- 
moter  or modifier concentration results in the loss of 
active sites on the ca ta lys t  surface and leads to a 
decrease in reaction rate. Hence, the modified cata- 
lysts with Cr/Ni ratio of 0.17 were selected for further  
studies for evaluating the intrinsic kinetics of the proc- 
ess. 

Effects of agitation. For both this and the next  
experiment (effect of particle size), a different lot of 
cot tonseed oil was used. After 5-hr hydrogenation, its 
iodine value was 46.5, as opposed to 31.7, for the main 
oil sample. Three different stirrer speeds, 800, 1200 -I } m0,40-c 
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F I G .  I. E f f e c t  of modif ier  on product  composi t ion.  
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TABLE 1 

Effect of Concentration of Modifier {Temp., 140~ Pressure, 5 
bar; Time, 5 hr; Particle size, # 0.30 mm; Rpm, 1200) 

Modifier 
concentration, 
Cr/Ni atomic 

ratio 

Composition, mole% 

M P S O L IV 
0.00 0.5 22.3 46.7 23.9 6.5 31.7 
0.07 0.5 21.5 4.5 45.0 28.5 88.0 
0.17 0.5 21,9 3.8 52.2 22.0 83.1 
0.26 0.5 22.1 3.8 50.5 23.1 83.3 
0.35 0.5 22.5 3.6 22.7 51.6  108.5 

and 1500 rpm, were used with an unmodified ca ta lys t  
containing 25% Ni on silica. I t  can be seen from Figure 
3 tha t  there was no significant change in iodine value 
at  different speeds, which indicates tha t  the external  
mass  t ransfer  resis tance was negligible for the st irrer  
speeds employed in this investigation. For the sake of 
convenience, agi tat ion was kept  at  1200 rpm for the 
main exper iments  with modified catalyst .  

Effect of particle size. Exper iments  were carried 
out  wi th  the unmodif ied  ca t a l y s t  at  three  different  
ca ta lys t  sizes--200, 300 and 400 microns- -under  iden- 
tical process conditions. The effect of ca ta lys t  sizes 
on the ex ten t  of hydrogena t ion  of co t tonseed  oil is 
clearly borne out in Figure 4. Iodine value was con- 
s t an t  for the above ca ta lys t  size range. For the sake 
of convenience,  300 micron size was chosen as the 
ca ta lys t  particle size for the main exper iments  in this 
work. 

Effect of temperature. As reported in the preced- 
ing sections, the mass  t ransfer  resis tances were negligi- 
ble under the conditions employed. Therefore, the over- 
all process was controlled by  surface reactions. The 
da ta  obtained in the range of 100-140~ at  10 bar  as 
shown in Table 2 were used to determine the intrinsic 

kinetics. F rom this Table, linoleate conversions with 
t ime for three different t empera tures  were calculated. 
The resul ts  are shown in Figure 5, where it m a y  be seen 
tha t  the converison of linoleate increased with tem- 
pera ture  and at ta ined about  85% in 5-hr reaction t ime 
at 140~ 

Effect of pressure. Between 5 bar  and 10 bar  pres- 
sures, the s teara te  concentrat ion remained practically 
the same, the oleate concentrat ion increased and lino- 
leate concentrat ion decreased to a much greater  extent  
at  the higher pressure.  For example,  after  5 hr of hy- 
drogenat ion at 140~ the oleate concentrat ion rose 
from 22.5 to 64.2% at 10 bar, while at 5 bar, the rise 
was from 22.5 to 52.2%. The fall in linoleate concentra- 
tion was from 51.5% to 8.2% at  10 bar  and to 22.0% 
at 5 bar. 

Significance of pore diffusion. I t  was under taken 
to tes t  the generalized Thiele modulus and the Wiesz 
and Hicks criteria (16). 

The values of generalized Thiele modulus were cal- 
culated by  the methods  of Bischoff (17) and Levenspiel  
(18). For all t empera tures  these values were very much 
less than  one, thus indicating the absence of pore diffu- 
sional resistance. 

The diffusion coefficent of hydrogen in cottonseed 
oil was calculated from the Scheibel correlation (19). 
The tor tuos i ty  was taken as four, as recommended by  
Satterfield (20). The calculated values of ro2k/9DeH [Weisz 
and Hicks criteria (16)] are very  much less than  one, 
indicating again tha t  pore diffusional resistance was 
negligible. 

Rate equation. The mathemat ica l  model (Eq. [5]) 
for part ial  hydrogenat ion for negligible s teara te  for- 
mat ion was tes ted for f i t t ing the experimental  data. 
The ra tes  of linoleate conversion were calculated f rom 
the graph of conversion vs  t ime (Fig. 5). These da ta  
were used for the evaluation of the ra te  pa ramete rs  kl, 
E and a in Eq. [5] by  nonlinear regression. The refer- 
ence tempera ture  was taken as 100~ The resul tant  
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FIG. 2. Effect of modifier concentration on oleate concentration. 
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FIG.  4. Effect  of particle size on degree of sa tura t ion  with un- 
modified catalyst .  

TA BLE 2 

Effect of Tempera ture  (Modified catalyst ;  Cr/Ni = 0.17; Pres- 
sure, 10 bar) 

Composition, mole% 
Temp. Time, 

~ hr M P S O L IV 

lnitialoil 0.5 22.0 3.5 22.5 51.5 108.5 
sample 

1 0.4 22.8 3.9 24.8 48.0 104.3 
2 0,4 23.3 3.5 27.8 45.0 101.6 

100 3 0,5 22.4 4.0 30.9 42.0 101.0 
4 0.6 22.8 3.5 33.3 39.0 100.0 
5 0.5 22.0 3.8 36.1 35.5 96.6 

1 0.5 22.6 2.9 30.8 43.1 103.8 
2 0.5 22.5 3.1 38.2 35.5 94.5 

120 3 0.4 22.3 3.1 42.5 31.5 92.6 
4 0.4 22.4 3.5 43.5 30.3 90.2 
5 0.4 21.1 3.2 48.6 26.5 87.7 

1 0.5 22.7 3.7 31.4 41.6 99.1 
2 0.7 23.2 3.4 38.9 33.6 97.7 

140 3 0.5 22.0 3.6 48.7 25.1 85.7 
4 0.7 23.2 4.2 61 .4  16.8  79.8 
5 0.6 22.8 4.0 64.2 8.2 62.8 
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FIG. 5. Effect of temperature on linoleate conversion with modified catalyst. 

70 
I 

_0 60 

0 
u 50 

x 40  

C 

8 
2O 

1 0 0  

Cata l ys t  C r l N i  a toml r  r a t i o  ffi 0.17 
90 -- P r e s s u r e  t0  bar  

TemDerat u re  ~~ 

8 0 ~  0 - -  140 

L 
E] - - 1 2 0  

- -  100 
0 

O 

O 0 

"/ Z~ 

0 
ZX 

A 

0 

V 0 I I J I I -,1 I l 
0 10 ZO 30 d.O SO 60 ?0 riO 

C o n v e r s i o n  ~ , %  Exper imental  

FIG. 6. Calculated vs experimental conversion of linoleate. 

I 
9 0  1 0 0  

JAOCS, Vol. 67, no, 4 (April 1990) 



238 

D. KRISHNAIAH AND S. SARKAR 

express ion for the ra te  of linoleate d isappearance  is 
given below: 

1.1 X 102exp E 1  ---- [ -~(~-- __)]~ L [6] - - r  E 

The energy  of ac t iva t ion  E and Arrhen ius  fac tor  are 
11.8 kcal/mole and 1.95 >( 104 lit05 mole-0~ hr-1, re- 
spectively.  The react ion order  with respect  to hydro-  
gen is 0.5. This indicates  t h a t  the hyd rogen  a toms  are 
fo rmed b y  dissociat ion of hyd rogen  molecules on the  
ca t a ly s t  surface, and then  these a toms  react  wi th  the  
double bonds.  

On in tegra t ion  of Eq. [2] and p u t t i n g  the value of 
a equal  to  half, the  following in tegra ted  express ion is 
der ived for the  convers ion  of linoleate: 

- - l n  (1--XL) = k ~fU-~nOt [7] 

The calculated and exper imenta l  values of convers ion  
of  l inoleate  are p lo t t e d  in F igu re  6. The  ca lcu la ted  
values  are higher  t han  the  experimental .  The devia t ion 
is h igher  for the higher  t empera tu re  data.  The average  
deviat ion is 29.5%. 
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