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An Improved Model for Industrial Vegetable Oil Hydrogenation 

A.S. MOHARIR, S. BHATIA and D.N. SARAF, Department of Chemical Engineering, 
Indian Institute of Technology, Kanpur-208016, India 

ABSTRACT 

A simplified mathematical model has been used to describe industrial 
vegetable oil hydrogenation. The temperature dependence of the 
reaction rate constants is taken into account. Data collected from 
full-scale hydrogenation units are used to evaluate the model param- 
eters. A simple technique is suggested for parameter estimation. 

INTRODUCTION 

Earlier it was shown that  a simplified model  for the hydro-  
genation react ion scheme adequate ly  fits the plant  data 
col lected f rom several industrial units (1). Implici t  in the 
parameter  es t imat ion scheme was the assumption of  t ime- 
invariant reaction tempera ture .  The assumption is violated 
of ten in practice, thus l imit ing the applicabili ty of  the 
model .  The present work  overcomes this drawback of  
the earlier model .  

MATHEMATICAL MODEL 

The simplified react ion scheme 

kL ko  
L "  > 0 ~ S 

where L, O, and S stand for l inoleate,  oleate, and stearate,  
respectively,  was earlier found adequate  to represent  
hydrogena t ion  (1). This scheme and o ther  features of  the 
earlier model ,  such as hydrogen  mass transfer f rom the gas 
phase to the l iquid phase as the control l ing step and nondis- 
t inc t ion be tween  cis-trans isomers o f  the fatty, acid chains, 
have been retained in the present  model .  The reaction rate 
constants  k L and k O are assumed to obey Arrhenius 
dependence  on tempera ture .  

o 
k L = k L e x p ( - - E L / R g T )  [1] 

O 
k O = k O e x p ( - E o / R g T )  [2] 

where k O and E are the preexponent ia l  fac tor  and activation 
energy, respectively,  and Rg and T are gas constant  and 
reaction temperature .  The rates of fo rmat ion  of l inoleate  
and oleate are: 

a 

- -R  L = k O exp ( - -EL/RgT)  [L] PH~ m [3] 

b R o = - - R  E - k O  O e x p ( - - E o / R g T )  [O] pH z m [4] 

Nomenclature; a,b, hydrogen concentration power in rate 
expression; E, activation energy, kcal/kg mole; kB, hydrogen mass 
transfer coefficient, kg rrrole sec -1 atm -1 (kg oil)-~; kL, reaction 
rate constant for linoleate hydrogenation, sec -~ arm -~ (kg cat/ 
100 kg oil) -1 ; ko, reaction rate constant for oleate hydrogenation, 
sec -1 atm "1 (kg cat/lO0 kg oil) -1 ; k O, preexponential factor, dimen- 
sion same as corresponding k; ILl,  linoleate concentration, kg/100 
kg oil; m, catalyst concentration, kg/lO0 kg oil; N, hydrogen mass 
transfer rate, sec -1 (kg mole/kg oil); [O], oleate concentra~on, 
kg/100 kg oil PH, hydrogen pressure in liquid phase atm; PvH 
hydrogen pressure in gas phase, arm; R, reaction rate, sec -1 (kg/l(J0 
kg oil); Rg, gas constant, kcal kg mole -~ K -~ ; T, absolute tempera- 
ture K. T a average temperature K" At, time step, sec. Subscripts: 

. '  ' v , , ' 
L, hnoleate;go, oleate. 

where [L] and [O] are l inoleate and oleate concentrat ions,  
pH 2 is the l iquid phase hydrogen  concentra t ion,  and m the 
catalyst  concentra t ion,  a and b are chosen as 0.5 and 1.0, 
respectively (2). The liquid phase hydrogen concent ra t ion  

is given as: 

_ O _ N/kB [5] 
pH 2 -- pH2 

p O  being the gas phase hydrogen  concentra t ion,  k B is the 
mass transfer coefficient ,  and N is the hydrogen mass trans- 

fer rate given as: 

N = - - (R O --  2R L) [6] 

Equat ions 1 -6  const i tu te  the mathemat ica l  model.  Lino- 
lenic acid, if present  in the oil, is accounted for as discussed 
earlier (1). For  the solut ion of this system of equations,  
the hydrogenat ion  t ime is visualized as a series of small 
t ime steps, At, over each of  which the fol lowing assump- 
tions are valid: tempera ture  is constant  over each t ime 
step; the reaction rates R L and R O remain constant  over 
the t ime step and are calculated using ILl and [O] values 
at the beginning of  the t ime step. 

These simplications are equivalent  to the f ini te  difference 
approx imat ion  of the differential  Equat ions 3 and 4. The 
solut ion of the system of Equat ions  1 -6  to obtain linoleic 
and oleic concent ra t ion  profiles reduces to the repet i t ive 
application of  the fol lowing sequence of  calculat ion for 
the i th step: 

(1) Calculate tempera ture  at i th and (i+1) th node on the 
t ime scale. Calculate the average tempera ture ,  Tavg. 

Tavg = (T i + Ti+l) /2  [7] 

(2) Assume a value for N (say Nold). It may be taken to 
to be equal to the value of  N for the previous inter- 

val. 

(3) Calculate PH2 using Equat ion  5. 

(4) Calculate R L and R O using Tavg, [L] i, [O] i, for  T, 
I L l ,  [Ol ,  respectively, in Equat ions 3-4.  

(5) Calculate N (say Nne w) f rom Equat ion 6. 

(6) (a) If 
Nne w - -  Nol d 

I I > e ,  
Nold 

where e is a specified tolerance,  set N = (Nol d + 
Nnew)/2 and repeat  steps 3-5. 

(b) If 
Nne w --  Nol d 

J i < ~ ,  
Nold 

convergence cri terion is satisfied. Calculate 
[L] i+l, [O]i+l f rom the finite difference forms 
of  R L and RO, namely:  
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[L] i+1 - -  [L l i  
RE -- At  

[0 ]  i+l - -  [0 ]  i 
RO -- A t  

The  choice  of  the  t ime  step At is vital. By trial and  error ,  a 
value of  1 min  was f o u n d  adequa te .  

P A R A M E T E  R E S T I M A T I O N  

During the  h y d r o g e n a t i o n  of  a ba t ch ,  oil samples  were 
col lec ted  and  reac t ion  t e m p e r a t u r e  n o t e d  at  su i tab le  
t ime  intervals.  The  oil samples  were analyzed for  l ino- 
leate ,  oleate ,  and  s teara te  concen t r a t i ons .  These  discre t ized 
c o n c e n t r a t i o n  and t e m p e r a t u r e  profi les  were suf f ic ien t  to  
e s t ima te  the  mode l  pa ramete r s  k O, EL, k O, EO, and k B. 

The  ca lcu la t ion  scheme  descr ibed earl ier  can be  used to 
s imula te  c o n c e n t r a t i o n / t i m e  profi les pe r t a in ing  to  a set of  
values of  the  parameters .  A set which  gives the  bes t  fi t  

( least  squares  fi t)  be tween  the  s imula t ed  and  p l an t  da ta  is 
the  desired es t ima te  of the  parameters .  S ta r t ing  wi th  an 
a rb i t ra ry  guess for  the  p a r a m e t e r  values, a su i tab le  tech-  
n ique  shou ld  be used to improve  this  guess and  arrive at  
the  bes t  e s t ima te  in a few steps. T h e  p r o b l e m  of  p a r a m e t e r  
e s t ima t ion  is thus  one  of  o p t i m i z a t i o n  where  the  pa rame te r s  
kL O, EL, k O, EO, and  k B are the  o p t i m i z a t i o n  variables,  and  
the  squared  devia t ion  is the  object ive  f u n c t i o n  to be mini-  
mized.  The  p r o b l e m  was f o u n d  appropr i a t e ly  posed  for  the  
use of  comp lex  p rocedure  of  Box as an o p t i m i z a t i o n  
t e c h n i q u e  (3). To i m p l e m e n t  Box 's  p rocedure ,  cons t r a in t s  
were imposed  on  the  values the  variables cou ld  take,  

o o kL, EL, k o ,  EO, and  k B were a l lowed to vary  b e t w e e n  50 
and  200% of  the i r  earlier es t imates  (1). These  l imits were 
f o u n d  f lexible  enough  to  al low pract ica l ly  u n c o n s t r a i n e d  

op t imiza t ion .  

RESULTS A N D  DISCUSSION 

Five d i f fe ren t  indust r ia l  h y d r o g e n a t i o n  p lan ts  work ing  

TABLE I 

Operating Conditions for Various Plants 

Average Catalyst Stirrer speed 
Temperature hydrogen concentration (rpm) 

Oil Batch size range pressure (kg catalyst/ and number of Hydrogenator 
Case hydrogenated (tons) (C) (atm) I00 kg oil) impellers type 

1 Cottonseed 5.5 145-183 1.7 0.048 42 
2 

I1 Soybean 5.5 165-210 1.68 0.048 42 
2 

Ill Soybean 5.0 150-200 2.3 0.048 70 
2 

IV Soybean 5.5 155-200 2.4 0.045 - 

V Soybean 8.0 105-238 4.4 0.048 144 
2 

G a s  

recirculation 
Gas 
recirculation 
Dead end 

G a s  

recirculation 
Gas 
recirculation 

TABLE II 

Comparison between Experimental Data and Calculated Results 

After 60 min After 90 min After 120 min After 150 min After 180 min After 195 rain 
Composition Initial Exptl Calc Exptl Calc Exptl Calc Exptl Calc Exptl Calc Exptl Calc 

Case I 
Linolelc 43.7 33.6 33.6 34.1 29.4 29.7 25.7 21.2 a 20.3 
Oleic 30.0 39.6 39.0 43.4 42.9 46.7 46.4 50.7 a 50.8 
Stearic 6.5 6.9 7.1 7.3 7.5 7.7 8.1 8.2 a 9.1 
Case H 
Linoleic 53.0 - -- 29.7 30.4 24.5 24.5 20.2 19.8 
Oleic 30.5 - - 53.3 52.5 58.3 58.1 62.3 62.5 
Stearic 6.9 - - 7.4 7.5 7.6 7.8 7.9 8.1 
Case HI  
Linoleic 50.8 29.7 30.5 22.7 22.8 17.4 16.9 13.3 12.4 
Oleic 31.2 51.8 50.9 58.4 58.2 63.3 63.6 67.0 67.5 
Stearic 5.3 5.8 5.8 6.2 6.3 6.6 6.8 7.0 7.4 
Case I V 
Linoleic 53.0 31.8 32.8 24.6 24.9 19.1 18.7 14.8 13.9 
Oleic 30.5 51.5 50.3 58.2 57.8 63.5 63.6 67.5 67.7 
Stearic 5.4 5.6 5.8 6.1 6.2 6.3 6.7 6.6 7.2 
Case V 
Linoleic 53.0 28.9 30.7 21.4 20.7 15.8 13.2 11.6 8.1 
Oleic 29.9 53.6 51.6 60.9 60.7 66.2 67.0 69.9 70.4 
Stearic 4.8 5.2 5.4 5.4 6.3 5.7 7.6 6.2 9.1 

i 

16.6 16.1 15.1 14.6 
65.6 65.8 67.0 67.1 

8.2 8.5 8.3 8.6 

9.7. b 8.6 
70.713 70.5 

7.6 b 8.2 

11.4 10.4 
70.5 70.7 

7.0 7.7 m 

aData compared after 165 min. 
b f Data compared a ter 185 min. 
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'~ r FIG. 1. Temperature variation during hydrogenation as a function I I I I I I 
of time. d 30 60 90 120 150 180 210 

under  different  operat ing condi t ions  (see Table I) have been 
simulated using the present  model. All the plants used 25% 
nickel on silica suppor t  as catalyst supplied by the same 
manufacturer .  The calculation results for all these cases are 
presented in Table II. The calculated composi t ions  are 
compared with exper imental ly  measured values at certain 
intervals of hydrogenat ion  time. 

The temperature  variation as a func t ion  of t ime for all 
the units  is shown in Figure 1. As seen in this figure, the 
temperature  varies over a wide range in all the cases investi- 
gated, and the use of an average constant  temperature  over 
the entire hydrogena t ion  t ime would be too gross an 
assumption.  The present  model  correctly accounts for this 
variation as evidenced by a close agreement  between 
measured and calculated values of composi t ions  at all 
t imes and for all the cases. The deviations are small, the 
m ax imum deviat ion for oleic acid concent ra t ion  being less 
than 4% (case V). On the average, the calculated oleic 
concent ra t ion  deviated from experimental ly measured 
values by less than 1%. Deviations in linoleic acid concen-  
t rat ion were somewhat  larger bu t  the greatest discrepancy 
almost always occurred at the end of the hydrogenat ion  

Time, rain 

FIG. 2. Simulated and experimental composition profiles for oleic 
and linoleic acids. 

period where linoleic concen t ra t ion  was low. Error in the 
measurement  of concent ra t ions  is likely to be large when 
measuring small quanti t ies,  resulting in larger deviations. 
For  cases I and II, m ax im um  linoleic concent ra t ion  devia- 
t ions were 4.5 and 2.5%, respectively. For  the remaining 
cases, the max imum deviations were greater than 10%, 
primari ly because of larger uncer ta in ty  in the experiment-  
ally measured values owing to low concentrat ions.  Since 
stearic acid concent ra t ion  is obtained by material balance, 
there is no addit ional  in format ion  obtained in its compari- 
son. Figure 2 shows a graphical comparison be tween the 
measured and calculated composi t ions  for two typical 
cases (cases 1 and II). 

o Table III gives the estimated parameters k O, EL, k O, 
E O, and k B for all five cases. As was discussed earlier (1), 
k B values are likely to be different  for different  plants 
because of differences in speed of agitation, agitator- 

TABLE III 

Estimated Parameters 

Parameter 

C~e k~•  10 E L k ~ •  10 E O kB• 1 0  6 

I 0.3374 2828.0 0.1726 4605.0 0.5527 
II 0.4029 2878.0 0.0991 5215,0 1.2360 
III 0.4116 2670.0 0.1799 5539,0 4.6820 
IV 0.3747 2600.0 0.1556 5553,0 4.2454 
V 0.3496 2614.0 0.1200 5362.0 4.9915 

Dimensions: k O sec -1 atm -] (kg cat/lO0 kg oil)-* ,E L k cal/kg mode; k O sect* atm -~ (kg 
cat/lO0 kg oil) -* ; E O kcal/kg mole; k B kg mole (see)-* (atria) -~ (kg oil)-:. 
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sparger design, size and location of baffles, etc. The reac- 
tion kinetic parameters should be similar in all the cases 
since essentially the same reactions occur everywhere. 
As seen in Table Ill ,  these parameters are quite similar. 
However, owing to slight differences in the impurities 
present in the different cases, which do influence the 
reactions in a complex way, some deviations can be ex- 
pected to be present. 
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Improved Separation of Natural Oil Triglycerides by Liquid 
Chromatography Using Columns Packed with 3-pm Particles 

M.W. DONG and J.L. DICESARE, Chromatography Division, Perkin-Elmer Corporation, 
Norwalk, CT 06856 

ABSTRACT 

Very high-resolution separations of triglycerides in various natural 
oils have been demonstrated by liquid chromatography using short 
columns packed with 3-1sin alkyl bonded-phase particles. Analysis 
times range from 8 to 16 min without prior sample clean-up. The 
primary detector used was a refractive index detector having low 
dispersive characteristics. Both the high efficiency of the columns 
and the selectivity of the 3-~m packing material contribute to the 
separation of several critical pairs of triglycerides. A substantial 
reduction in analysis time was also achieved. An ultraviolet detector 
operated at 220 nm was used to illustrate an alternative detection 
approach. 

INTRODUCTION 

The use of high-performance liquid chromatography (LC) 
for the separation of individual triglycerides present in 
fats and oils has been increasing in recent years. These 
analyses are important  in the natural oil industry for 
process and product  quality control purposes. Also, at the 
research/development level, detailed triglyceride data might 
facilitate the understanding of triglyceride biosynthesis and 
deposition in plants and animal cells (1). 

The LC system most commonly employed in triglyceride 
analysis consists of an alkyl bonded-phase column and a 
refractive index detector. Although aqueous mobile phases 
are generally used with these columns, due to the lipo- 
philicity of triglycerides, water cannot be used in the mobile 
phase for this particular application. Therefore the mobile 
phases generally employed consist of mixtures of acetone 
and acetonitrile, and occasionally tetrahydrofuran,  methy- 
lene chloride or hexane. The conspicuous absence of water 
in the mobile phase, prompted the term nonaqueous 
reversed-phase or NARP to describe the above system. 

El-Handy et al. (1-2) and Plattner (3) have reported 
quite extensively on column and mobile phase selectivities 
in triglyceride separations. Jansen (4) has studied the effect 
of low temperature and Lie Ken and Jie (5) have investigated 
several quantitative aspects of triglycefide analysis. Parris 
(6) and Payne-Wahl et al. (7) have shown the utility of an 
infrared detector  and gradient elution in triglyceride 
separation. The latter group has also demonstrated the 
capability of analyzing free acids, mono-, di- and trigly- 

cerides in a single assay (7). Various natural oils have 
been studied in some detail using NARP chromatography, 
including oils from palm (1,9), olive (4,10), peanut butter  
(8), soybean (1,3,7), coconut (2,9), corn (1), rapeseed 
(9), and cocoa butter  (9). 

Recent advances in column and instrument technology 
have significantly enhanced LC performance in recent 
years (11,12). We have previously reported the separation 
on many important  food constituents in 1-3 min using 
short, small-particle columns (13,14). The aim of this 
study is to demonstrate the utility of this improved LC 
system in triglyceride separations. 

EXPERIMENTAL 

Reagents 

Triglyceride standards were of the highest purity grade 
purchased from Supelco, Inc. (Bellefonte, PA) and Sigma 
Chemical Co. (St. Louis, MO). HPLC-grade acetonitrile, 
acetone and tetrahydrofuran (THF) were obtained from 
Fisher Scientific (Pittsburgh, PA). Natural oil samples were 
purchased at the open market  in Connecticut.  The palm 
olein sample was obtained from sources within the industry. 

Columns 

The LC columns used in this study were Perkin-Elmer 
HS-3 high-speed columns packed with 3-/am C18 bonded- 
phase particles. Dimensions of the columns are 100 X 
4.6 m m i d  with a column void-volume of ca. 0.8 mL 
and efficiencies in the range of 13,000-15,000 theoretical 
plates measured under optimized conditions. Details on 
important  column characteristics are available elsewhere 
(11,15). Because of the low column void-volume and high- 
efficiency, the resultant peak volumes are typically only 
25-100 /aL. Therefore, extra-column band broadening 
from injector, connecting tubing and detector must be 
minimized to preserve column performance (12). Several 
Perkin-Elmer HS-5 Cls columns (125 X 4.6 mm id) packed 
with 5-~tm particles were also used; however, due to dif- 
ferences in packing selectivity, separation of critical tri- 
glyceride pairs were, in general, not satisfactory with 
these columns. 
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