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Abstract 
The numerous transfer,  adsorption and true 

hydrogenation steps which occur during the par- 
tial hydrogenation of triglyceride oils are re- 
viewed and discussed. Transfer  steps involve the 
t ransfer  or diffusion of the reactants to the 
catalyst surface and possibly also into the pores 
of the catalyst. In addition, the reaction products  
must then also be t ransferred back to the main 
body of the triglyceride oil. Such reaction prod- 
ucts include not only the saturated groups 
(formed by the hydrogenation of the unsaturated 
.groups) but  also the geometrical and positional 
isomers of the original unsaturated groups. Once 
an unsaturated group reaches the catalyst surface, 
it is generally assumed that  it is adsorbed on the 
catalyst. Polyunsatura ted  fa t ty  groups are how- 
ever preferent ial ly  adsorbed relative to mono- 
unsaturated fa t ty  groups. The overall kinetics of 
hydrogenation affects the relative ratio of the 
adsorption of the polyunsaturated to the mono- 
unsaturated groups at the catalyst surface. 
Transfer  and adsorption steps frequently,  if  not 
always, are the critical steps iu controlling the 
degree of isomerization and selectivity of reactions 
in the part ial  hydrogenation process. Additional 
information is still needed relative to these steps 
but the general trends which occur are discussed. 

In t roduc t ion  
Part ia l  hydrogenations of triglyceride oils involve 

a large number of steps including transfer  (or dif- 
fusion, or both),  adsorption, hydrogenation, isomeriza- 
tion and desorption steps. The t ransfer  steps can be 
divided into at least two groups. The first group con- 
sists of the t ransfer  of reactants and products to and 
from the main body (or the bulk) of the liquid oil 
phase and the outside surface of the catalyst. For  
catalysts in which considerable number of ra ther  
narrow pores are present, diffusion of reactants into 
and of products  out of the pores may be a controlling 
set of t ransfer  steps. Agitation in the main body of 
the oil would obviously have little or no effect on 
diffusional steps in the pores. 

Adsorption of the reactants on the catalyst surface 
has long been recognized as being an important  pre- 
requisite, which must occur before the final reactions 
can occur on the catalyst surface. The various trans- 
fer  and adsorption steps are known to be very  im- 
por tant  in affecting (or controlling) the selectivity 
and the extent of isomerization during hydrogenation. 
The reason why these steps exert  this control is be- 
cause each of them affects the adsorbed concentrations 
of reactants at the catalyst surface (1,2,5,8,12,15). 
Higher  ratios of adsorbed unsaturated groups 
( -CH  = CH-)  to adsorbed hydrogen at the catalyst 
surface result in higher selectivity ratios and in higher 
amounts of both positional and geometrical isomers 
of the unsaturated fa t ty  acid groups (1,2). In  com- 
mercial batch hydrogenations, higher ratios are ob- 
tained with decreased agitation, increased tempera- 
ture, decreased pressure and increased amounts of 
catalyst. 

1One of 10 papers to be ~oublished from the Symposium "ttydro- 
genation," presented at the AOCS Meeting, New Orleans, April 1970. 

In many if not  all commercial hydrogenations using 
batch reactors, t ransfer  of the hydrogen gas to the 
liquid oil is the controlling step of the entire 
process (1,2,5,12). Transfer  and adsorption steps for  
the unsatura ted groups of the fa t ty  chain also 
have a large effect on selectivity and isomerization, bu t  
the importance of such steps appears to have been 
presented only in par t  in the past. The purpose of 
the present paper  is to clarify the number and char- 
acter of the t ransfer  and adsorption steps and to in- 
dicate more fu l ly  their importance in controlling the 
overall hydrogenation sequence. 

Summary of Steps Involved 
Allen and Kiess (6,7) and recently Dutton (11) 

have discussed the chemical steps between an un- 
saturated fa t ty  group and atomic hydrogen which 
occur on the catalyst surface. When transfer,  adsorp- 
tion and desorption steps are also considered in the 
reaction model, it  is obvious that  a highly complicated 
series of steps are occurring. Steps which occur dur- 
ing the partial  hydrogenation of a cis-monounsaturated 
f a t ty  group (C) are summarized in Figure  1. 
As indicated, pa r t  of C is hydrogenated to form a 
saturated fa t ty  group (S) and par t  is isomerized. 
Only two isomers designated as I1 and I2 are shown 
on Figure  1. Many more isomers are actually produced 
however (6,10). When methyl  oleate or methyl 
elaidate are par t ia l ly  hydrogenated as many as 31 
isomers have been detected in the main body of the 
oil phase; obviously many more steps occur than 
shown in F igure  1. 

Each unsaturated group ( - C H  = CH-)  of the fa t ty  
acid chain can t ransfer  back and for th  between the 
main body of the oil (designated with a subscript 
"oil") and the bulk surface of the catalyst (designated 
with a subscript "surface") .  These unsaturated groups 
can be adsorbed on the catalyst surface (designated 
with a subscript "ads") .  Some of the adsorbed groups 
are later  desorbed. 

Each adsorbed unsaturated group can react with a 
hydrogen atom to form an unstable complex which is 
a part ia l ly  hydrogenated double bond ( - C H 2 - C H - ) .  
Some of the complexes react with another hydrogen 
atom to complete the saturation of the double bond. 

(C)o,, (I,)o,, (I:)o,, 

(c)...,.oo (I1) s, , . , . . .  (L) s u r f a c e  

*t *t + a  *t 
(C) ,a ,  ~ Complex  ~ (I1).~ds ~ Complex *~- ( I~ ) .~  

-H ++H~ --~+H +H 

(S),~. 

(s).~.o. 

(S)o. 
FIG. 1. Simplified s u m m a r y  of  t r a n s f e r ,  adsorpt ion,  desorp-  

t lon,  hyd rogena t i on  and  i somer iza t ion  s teps  for  pa r t i a l  hydro-  
genatiort  of  c i s -monounsa tu ra t ed  g roup  (C) .  Only two i somers  
(11 and  L )  of  C a re  shown, a l t hough  m a n y  more are  de tec ted  
in the  main  body of  the oil. 
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These sa tura ted  groups ( - C H ~ C H 2 - ) ,  designated 
as S, may  or may  not be initially absorbed 
on the catalyst  surface. I f  they are adsorbed, the 
bonding energy of adsorption is probably very  low. 
The remainder  of the unstable complexes decompose 
to reform unsa tura ted  groups and hydrogen atoms. 
The unsatura ted  groups formed by this decomposition 
may  be at a new position on the f a t ty  chain and,/ 
or may  have a different geometrical configuration as 
compared to the initial unsatura ted  group in C. 

Similar complicated series of steps also occur when 
one of the double bonds of a polyunsatura ted  fa t ty  
chain is hydrogenated.  Isomerization reactions 
also occur in these cases, and at least pa r t  of ttle two 
or more double bonds on the chain are conjugated 
before the hydrogenat ion of the first double bond. As 
has been indicated earlier (1,2,5), two or more double 
bonds on a given chain may  be hydrogenated while 
the fa t ty  acid chain remains at  the catalyst  surface 
and before the chain is t ransfer red  back to the main 
body of the oil. Fo r  example, linoleate groups appear  
to be hydrogenated directly to stearate groups. 

A d s o r p t i o n  of  U n s a t u r a t e d  Groups  on 
Cata lys t  Sur face  

The type of adsorption that  occurs on the catalyst  
surface dur ing hydrogenat ion is not definitely known 
as yet. Chemisorption is thought  by many  investiga- 
tors to be the main type but  others believe physical 
adsorption may  be the prevalent  type (]2,15). Re- 
gardless of the actual  type (s) of adsorption occurring, 
the selectivity ratio (SR) defined as the ratio of 
the rate of hydrogenat ion of polyunsaturates  to the 
rate of the monounsaturatcs  can be explained by the 
preferred adsorption of polyunsatura ted  as compared 
to monounsatura tcd  groups (1,2,5,12,]5). The adsorp- 
tion of saturated groups would be even less prefer red  
than that  for  the monounsaturated groups. These 
adsorption steps are of course reversible, and desorp- 
tion of sa tura ted  groups is more pronounced than  the 
desorption of monounsatura tcd  and of especially poly- 
unsaturated groups. 

Mathematical  modeling of the main reaction steps 
which occur dur ing  hydrogenat ion has been found to 
be most useful for characterizing the reaction, but  all 
models proposed to date leave much to be desired f rom 
a strict theoretical basis. Fo r  example, the following 
model is commonly used (3,8,14) for measur ing the 
SR:  

T r i u n s a t u r a t e d ~  k.  / D i u n s a t u r a t e d ~  kb 
f a t t y  acid ] ' | f a t t y  acid ] 

roups  / o i l  \ g r o u p s  / o i l  

) 

[1] 

( M o n o u n s a t u r a t e d ~  kr [ Sa tu ra ted '~  
f a t t y  acid ] ' [ f a t t y  a c i d ]  
g roups  / o i l  \ g r o u p s  / o i l  

These three types  of hydrogenat ion steps are con- 
sidered to be irreversible and first order. The concen- 
t rat ion of each f a t t y  acid group has been assumed to 
be that  in the oil phase. In  this model, SR is generally 
defined as the rat io of kb/k~. Constant  k,  is often 
assumed to be about 1.5 to 2.0 times greater  than kb 
(3,14). Modeling such as above has become very 
popular  since it was first demonstrated tha t  either 
analog computers  (]5)  or digital computers  (3) can 
be used to solve the equations. 

The above SR model is oversimplified since it  does 
not indicate the actual adsorbed concentrations on the 
catalyst  surface. I t  can be assumed that  the resistances 
to t ransfer  (or diffusion) for  each f a t ty  acid group 
to and f rom the oil are essentially identical since each 
acid group has a similar molecular weight. Adsorp- 
tion phenomena however tend to increase the relative 

ratio of polyunsatura ted  to monounsatura ted  groups 
which are adsorbed on tile catalyst  surface as com- 
pared to the ratio in the main body of the oil. A more 
realistic model for  a tr iglyccride oil, such as cotton- 
seed oil, which contains diunsaturated,  monoun- 
sa turated and sa tura ted  acid groups is as follows: 
(Diunsaturates) o~, (Sfonounsaturates) o~ (Sat.urates) oil 

~' ~I" ~ [21 
(Diunsaturales)..r f~. (Monouns:~turatcs) .,,~ f .... (Saturatcs).,,~f~. 

(I)iunsaturates),d~. ) (Monounsaturatcs),d,. ' (Saturates),d~. 

The hydrogenat ion steps on the surface approximate  
first order kinetics based on the adsorbed concentra- 
tions of d iunsatura ted  and monounsaturatcd f a t ty  acid 
groups (12,15). I f  tt~e actual  concentrations at the 
catalyst  surface were known, then the average values 
of the rate constants, k~,' and kr could be determined. 
The actual  ratio of kb'/kr probably is the range f rom 
about 1.0 to 2.0. Such a conclusion was made using 
the following reasoning. At  high degrees of unsatura-  
tion, d iunsatura ted  f a t t y  acid groups are hydrogenated 
preferent ia l ly  especially at  high SR values. At  lower 
iodine values, nlonounsaturaMd groups are pr imar i ly  
the only ones left  to be hydrogenated.  Yet the value 
of k '  in the following overall rate equation decreases 
to only a relat ively small extent (5,12,15) dur ing the 
course of a given batch run conducted over a wide 
range of iodine values ( I V ) ;  hence the values of 
k~' and kr must  be reasonably similar:  

Overall  ra te  of  d ( I .V.)  - = k' (IV) [3] 
h y d r o g e n a t i o n  d ( t ime)  

The ratio of the rates of hydrogenat ion of di- 
unsaturates  to those of monounsaturatcs  can be ex- 
pressed as follows using first the simple model (equa- 
tion 1) and then the more complicated model 
(equation 2) �9 

d ( d i u n s a t u r a t e s )  
d t  kb ( d i u n s a t u r a t e s )  o j z 

d ( m o n o u n s a t u r a t e s )  k.  ( m o n o u n s a t u r a t e s )  oH 
dt 

kJ (diunsaturates) .d,. 
[4] 

kr ( m o n o u n s a t u r a t e s )  .d.. 

Rearranging  and remembering that  k~)/k, = SR: 
SR : R ( k b ' / k J )  [5] 

where 
( d i u n s a t u r a t e s  

m o n o u n s a t u r a t e s  ] ads. 
R = [6] 

( d i u n s a t u r a t e s  
m o n o u n s a t u r a t e s ]  o,1 

R is a quant i ta t ive measure of the accumulat ion of 
diunsaturates  at  the catalyst  surface because of their  
preferent ia l  adsorption. Since k b ' / k J  likely varies 
f rom about  1 to 2, R can be approximated  for  any  
given SR. 

The max imum SR that  can be obtained for a given 
catalyst  must  depend pr imar i ly  on the equilibrium 
composition of the adsorbed groups at the catalyst  
surface. Such equil ibrium compositions will be func- 
tions of t empera ture  and the composition of the tri-  
glyceride oils. The max imum SR values possible using 
commercial nickel catalysts are perhaps  ]00 or maybe 
slightly greater.  The lowest SR values possible arc 
however thought  to be about 1 to 2. In  the la t ter  
case, the ratio of adsorbed diunsaturates  to adsorbed 
monounsaturates  at the catalyst  surface would be one. 
SR values of less than 2 were obtained by Wisniak 
and Albr ight  (4,15) at  high pressures and at high 
rates of agitation. R values thcn likely vary  f rom 
about 1 to 50-100 for  commercial nickel catalysts. 
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A complicated series of transfer,  adsorption and 
desorption steps are involved as R values increase. 
Desorption and .adsorption steps occur for  monoun- 
saturates and diunsaturates (and higher polyun- 
saturates in some cases) as the adsorbed concentrations 
of the monounsaturated and diunsaturated groups on 
the catalyst surface approach the theoretical equilib- 
rium concentrations which would be obtained if  no 
hydrogenations occurred. As these adsorption and 
desorption steps occur on the catalyst surface, trans- 
fer steps of the diunsaturates and of the monoun- 
saturates certainly also occur. The diunsaturates 
t ransfer  mainly from the main body of the oil phase 
to the catalyst surface whereas the monounsaturates 
move pr imari ly  in the other direction. These t ransfer  
steps are relatively Slow in relation to other steps of 
the hydrogenation process especially for  nonselective 
hydrogenations, and hence resistances to these t ransfer  
steps affect the actual concentrations of diunsaturates 
(and tr iunsaturates)  and of monounsaturates at  the 
catalyst surface. Measuring SR as the ratio of kb/kc 
by the model shown in Equation 1 then incorporates 
the resistances to mass transfer,  the approach toward 
equilibrium of adsorbed species on the catalyst surface, 
and also the resistances to the hydrogenation reactions 
as measured by ] /kh '  and 1/ke'. Constants kb and ke 
are hence not t rue reaction rate constants, and they 
instead must be considered as only pseudo rate con- 
stants. The model shown in Equat ion 1 can at  best 
be only considered semi-theoretical and should be used 
with caution in making any theoretical conclusions. 

Models such as Equat ion 1 have proved most use- 
ful in quantit izing SR values accurately and quickly, 
but  it should be recognized that  grouping all diun- 
saturates or all monounsaturates is implicitly assuming 
that  the t ransfer  and adsorption characteristics of 
each member of the group are at least similar. Al- 
though this assumption is not completely valid, as will 
be discussed, relative to the isomerization model to 
be discussed next, the assumption is sufficiently good 
for the selectivity model. 

Isomerization Models 

Albright  et al. (4) presented earlier an isomeriza- 
tion model for triglycerides that  contain diunsatu- 
rated, monounsaturated and saturated fa t ty  acid 
groups in order to quantitize geometrical isomeriza- 
tion. The fa t ty  acid groups were divided into five 
families: (a) cis,cis-diunsaturates (C C ) ; (b) cis,trans- 
diunsaturates ( C T ) ;  (c) cis-monounsaturates (C) ;  
(d) trans-monounsaturates ( T ) ;  and (e) saturates 
(S).  

Some trans, trans-diunsaturated groups (TT)  also 
occur, but  the amounts are probably very  small. 
Dividing the diunsaturates into two (or possibly 
three) groups and the monounsaturates into groups 
is necessary for the development of a geometrical isom- 
erization model. 

Assuming transfer,  adsorption and desorption 
steps for the overall process, the model would include 
terms for the concentrations of CC, CT, C, T and S 
in both the oil phase (main body of oil) and as 
adsorbed on the catalyst surface. The k '  terms as 
shown in the model below are average values of the 
true rate constants for  the hydrogenation and isom, 
erization reactions on the catalyst surface. Such k' 
values could be used to determine an isomerization 
index ( I I )  which would be a quantitative measure of 
the ratio of the rate of isomerization of a part icular  
unsaturated group to the rate of hydrogenation of 
that  group. 

(CO)o,, (C)o,, 

ka t 

k,' 11' k- k~L.. .>~.. ,  k,' ~t k~' ~ ' " ~  (s) .... ~ (S)o,, 

(CT)o,, (T)o,, 

The above model is in many respects merely an 
expansion of Equation 2 used to measure SR. The 
model is however simplified in tha t  each combination 
of t ransfer  and adsorption steps and of desorption and 
transfer  steps is depicted as it were a single step. The 
approach of the adsorbed concentration of each of the 
five families of fa t ty  acid groups toward the equilib- 
rium concentration of tha t  family depends on the 
operating conditions (including especially agitation) 
and the IV of the oil. Unfor tunate ly  sufficient data 
are not available at present to more than qualitatively 
discuss the approach toward equilibrium. The type  of 
data required would include reliable equilibrium and 
kinetic data for  both adsorption and desorption. I t  
seems probable however tha t  each isomer in each of 
the above five groups has relatively similar adsorption 
and desorption characteristics so that  the above 
groupings are reasonable. 

I f  it is fu r the r  assumed that  all diunsaturated 
groups (CC, CT and also TT)  are much more strongly 
adsorbed (and hence less likely to be desorbed) than 
monounsaturated groups (C and T),  some interesting 
conclusions can be made if one considers the general 
chronological series of events occurring during 
hydrogenation. 

1. The net t ransfer  of CC during hydrogenation is 
always from the main body of the oil phase toward 
the catalyst surface where either it is hydrogenated 
or it is first isomerized and perhaps later hydrogenated. 

2. During the initial stages of hydrogenation, a 
small amount  of CT (and perhaps TT)  is t ransferred 
from the catalyst surface to the main body of oil. 
Only a small amount is t ransferred since all diun- 
saturated fa t ty  acid groups are strongly adsorbed on 
the surface. So although only a small amount o f  these 
trans-containing diunsaturated fa t ty  acid groups are 
detected in the main body of the oil, a relatively high 
concentration of them remains adsorbed on the sur- 
face, and they are readily available there for hydro- 
genation to a monounsaturated group. In later stages 
of the hydrogenation, when most of the diunsaturated 
groups have been hydrogenated,  the net t ransfer  of 
these groups is from the oil phase to the catalyst 
surface. 

3. Both C and T are produced by the part ial  hy- 
drogenation of diunsaturated fa t ty  acid groups. Al- 
though Equat ion 7 indicates tha t  both C and T can 
be produced f rom either CC or CT, it is probable that  
C is produced pr imari ly  f rom CC and T from mainly 
CT or possibly TT (4)- At  higher degrees of un- 
saturations, there is a net production of C and 
especially of T so that  the net  transfers of both C 
and T are f rom the catalyst surface to the main body 
of the oil. Once most of the diunsaturated groups 
have been hydrogenated, there is a net decrease in 
the quantities of monounsaturated groups produced. 
At this stage of hydrogenation, the net t ransfers  of 
C and T are f rom the oil to the catalyst surface. 

4. There is always an increase in the amount  of 
saturated f a t ty  acid groups as hydrogenation pro- 
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gresses. As a consequence, the net t ransfer  of S is 
always from the catalyst surface to the oil phase. 

The relative concentrations of CC, CT, C and T 
adsorbed at the catalyst surface are obviously much 
different than the concentrations in the oil phase 
mainly because of the variations in adsorptivi ty of 
the various families. In addition however, the actual 
adsorbed concentrations of each family are often quite 
different than the equilibrium concentrations which 
would be realized if no hydrogenations occurred. 
These latter differences are caused by the relatively 
slow approach to equilibrium caused by the ra ther  
slow transfer  steps involved. As a general rule, the 
actual adsorbed concentrations are greater than the 
equilibrimn concentrations when the net t ransfer  of 
a family is from the catalyst surface to the main 
body of the oil. The reverse is t rue when  the net 
t ransfer  of a family is from the oil to the catalyst 
surface. 

For  CC, the actual adsorbed concentration on the 
catalyst surface can always be assumed to be less than 
the equilibrium concentration. As the SR values for  
the hydrogenation increase, the actual concentration 
approaches the equilibrium concentration. 

In  the case of CT, C or T, the actual  adsorbed con- 
centrations are greater than the equilibrium concen- 
trat ions during those phases of hydrogenation when 
there is a net production of that  group. The adsorbed 
concentrations are less however during later  stages of 
hydrogenation when there is a net  decrease in the 
amount  of that  group in the system. 

The actual adsorbed concentrations of unsaturated 
fa t ty  groups and of hydrogen on the catalyst sur- 
face are most critical relative to all aspects of hydro- 
genat ion-- ra te  of hydrogenation, selectivity and isom- 
erization. These actual concentrations are complex 
functions of many variables, some of which are listed 
below : 

1. Agitation which is a key factor  in controIling 
the resistances to t ransfer  of reactants to the catalyst 
surface and of products away from the surface. 

2. For  catalysts containing considerable pore area, 
the t ransfer  in the pores is controlled only by dif- 
fusional processes. Adsorbed concentrations in the 
bottom of a narrow pore are certainly different than 
those at or near the lip of the pore. 

3. Temperature  has a relatively small affect on 
diffusion values but  probably a greater  effect on the 
viscosity of the oils. The latter is important  in 
affecting the thickness of a laminar boundary layer  
around catalyst particles. Both diffusion values and 
viscosity then affect the overall t ransfer  resistances. 
In addition, temperature  has a major  effect on the 
kinetics of the overall reaction as well as that at each 
catalyst site. Temperature  affects the time between 
react ions on a given catalyst site a n d  also the time 
available for  R to approach toward the equilibrium 
value which would result in a high SR. I t  probably 
also affects the value of equilibrium R to a relatively 
small extent. 

Indirect ly  pressure and the amount  of granular  
catalyst used dur ing hydrogenation also affect the 
actual adsorbed concentrations of reactants at the 
catalyst surface. Each variable affects the overall 
rate of reaction and hence the amounts of various 
unsaturated groups which are t ransferred to the 
catalyst surface. 

Ignoring the transfer-adsorption and the desorption- 
t ransfer  steps of Equat ion 7, results in an isomeriza- 
tion model (4) which is really quite empirical in 

nature.  Such a simplified model is however of ut i l i ty 
for quantitizing the I I  which should prove most help- 
ful in characterizing geometrical isomerization. When 
a better understanding and reliable data are available 
for  the transfer,  adsorption and desorption steps, 
Equat ion 7 will be a prefer red  model for  determining 
II. 

Modeling of Reaction Sequences 
As has been indicated earlier, any modeling of the 

reaction sequences which occur dur ing hydrogenation 
should ideally always include transfer,  adsorption and 

reac t ion  steps. Since however adequate data are not 
yet  available, all models to date have grouped the 
transfer,  adsorption and reaction steps as a single one. 
Such models can provide valuable information relative 
to the mechanism, but  it should be emphasized that  
the rate constants determined are only pseudo reaction 
rate constants which are affected by the transfer,  
adsorption and t rue chemical steps of the overall 
reaction sequence. 

Recently the rates of disappearance (or hydrogena- 
tion) of several isomeric monoenes were investigated 
in a vapor-phase process (13). Differences in the 
rates as determined f rom a mathematical model were  
noted for a large number  of these isomers. Based on 
the data presented, it is impossible to determine if  
these differences were caused by differences in the 
rates of transfer,  in the rates or degrees of adsorption 
on the catalyst surface, or in the rates of a c t u a l  
hydrogenation steps on the surface. One would ex- 
pect that  the general conclusions for the vapor-phase 
hydrogenation process might be quite different than 
those for a liquid-phase process. In  part icular ,  the 
resistances to t ransfer  of the reactants to the catalyst 
surface would be very different in the two processes. 
Transfer  of hydrogen is often the controlling step in 
liquid-phase processes, but  in a vapor-phase process 
the resistances to hydrogen t ransfer  would certainly 
be much less. 

In  a vapor-phase process, the shapes and sizes of the 
isomeric monoenes would likely be quite different; 
perhaps a greater difference would exist than in a 
liquid-phase process. Such differences in shape and 
size would certainly cause differences in the rates of 
t ransfer  of the various monoenes to the catalyst 
surface. 

The reaction model proposed recently (11) for the 
reduction of linolenate esters using a copper-chromite 
catalyst does an excellent job of predicting the reac- 
tion scheme in the main body of the liquid. The model 
does not necessarily give any indications however of 
the concentrations at the catalyst surface. Hence it 
is possible that  the actual reaction sequence is dif- 
ferent  or more complicated than the one proposed. The 
adsorption and reaction rate characteristics on copper- 
chromite surfaces are undoubtedly much different than 
those on nickel surfaces. 
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