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Twelve C, to Cl0 alkenes have been hydrogenated on a reduced commercial cobalt-molybden- 
um-alumina catalyst at atmospheric pressure and 300°C. Initial reaction rates have been measured 
with different feed compositions and correlated by a Langmuir-Hinshelwood type rate equation. 
The calculated adsorption coefficients of the alkenes had the same value whereas the rate constants 
spread over two orders of magnitude. The observed influence of the structure on rate have been 
correlated by the Taft equation for steric effects using the sum of constants ES0 for substituents in 
the half-hydrogenated state, R’R2RSC-*. This and further evidence indicate that the addition of the 
second hydrogen is the rate-determining step. The results are compared with observations 
concerning hydrogenation on metals. The knowledge of structure influence on rate is used for 
critical examination of the kinetic equation. 

INTRODUCTION 

The influence of alkene structure on its 
rate of hydrogenation has been studied by a 
number of authors (I -9) but solely on metal 
catalysts. The first authors who took inter- 
est in this problem, Lebedev and co- 
workers (I), concluded that the reactivity 
depends on the number of substituents on 
the double bond. An appraisal of the pub- 
lished data and of their correlations (10) 
have shown that on transition metals, hy- 
drogenation rates are governed by the num- 
ber and size of the groups located on the 
carbon atoms of the double bond and that 
electronic effects of these groups play only 
a minor if any role. 

It seemed useful to study the structure 
effects in alkenes on a nonmetallic catalyst 
that is widely employed in hydrorefining of 
petroleum products where hydrogenation 
of the double bonds is one of the more 
important reactions. A commericial hydro- 
treating catalyst, consisting of molybdenum 
and cobalt oxides on alumina, has been 
selected for this purpose. 

EXPERIMENTAL 

Catalyst. The Cherox 36-00 catalyst 
(Chemical Works, Litvinov) supplied in 5 x 
5-mm pellets was crushed and the fraction 
.0.25-0.4 mm was sieved out. The catalyst 
contained 12% MOO, and 43% COO. 

Reactants. All alkenes were commercial 
products: ethylene and propene were sup- 
plied by Slovnaft, Bratislava, in polymeri- 
zation-grade purity; 1-butene, tram-2- 
butene, cis -2-butene , 1-hexene, 3,3- 
dimethyl- 1-butene, and 2,3-dimethyl-l- 
butene were purum quality; 2,3-dimethyl-2- 
butene was purissimum quality; and l-oc- 
tene and I-decene were designated as 
practical (all supplied by Fluka, Buchs, 
Switzerland). 2-Methylpropene (Merck- 
Schuchardt) had 98.5% purity. The gaseous 
alkenes C, to C,) were fed from the cylin- 
ders through a bed of molecular sieve 5A 
for drying. The liquid alkenes were distilled 
and kept over the molecular sieve 5A. 
Hydrogen was purified by beds of a palla- 
dium deoxo catalyst, of molecular sieve 5A 
and of a reduced nickel-maganese oxide 
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mass (to remove the last traces of oxygen to 
a level of under 10 ppm). 

Apparatus and procedure. A glass flow 
apparatus with a thermocouple well inside 
the catalyst bed has been used. The gas 
flows were measured by capillary flow me- 
ters, and the liquids were continuously fed 
into a heated evaporator by a mechanical 
device from a syringe. The weight of the 
catalyst samples varied between 0.1 to 2 g 
according to the reactivity of the alkene. 
The catalyst was activated in the bed by 
hydrogen at 500°C for 3 h. The temperature 
of the kinetic measurements was 300 f 1°C. 
Catalyst activity fell at the beginning but 
after about 1 h a steady state was achieved. 
With some reactants, a slight decrease of 
activity continued. In all cases standard 
experiments were repeatedly inserted into 
the series of measurements and the rate 
data were corrected, if necessary. With 
each alkene two or three conversions were 
determined at different flow velocities for 7 
to 12 different alkene to hydrogen ratios in 
the feed. In this way, a graph of conversion 
vs reciprocal space velocity was con- 
structed; for conversions under 7%, the 
dependences were always linear. This en- 
abled us to calculate the initial reaction 
rates as slopes of these lines, rAo = 
x/( W/F,) (W is the weight of the catalyst in 
kilograms, FA the alkene feed rate in moles 
per hour). The initial reaction rates rAo 
(moles per hour per kilogram) were deter- 
mined with a reproducibility of about 
+ 10%. 

Analysis. The composition of the prod- 
ucts was determined gas chromatographi- 
tally. For CZ and C3 hydrocarbons, Pora- 
pak Q was used at 60 and 83°C respectively 
(columns 2 and 3 m, respectively). For C, 
hydrocarbons Porasil B at 60°C in a 2-m 
column was suitable. Higher alkenes and 
alkanes were separated on 15% polyethyl- 
ene glycol adipate on Rysorb at 48 to 125°C 
according to the boiling points of the reac- 
tants. 

RESULTS 

The hydrogenation of alkenes was ac- 

companied by double-bond isomerization 
and in a few cases also by skeletal isomer- 
ization. However, the rate data on hydroge- 
nation were not influenced by these side 
reactions because (a) the conversion-space 
time dependences showed clearly that the 
hydrogenation and isomerization are paral- 
lel processes, (b) the rates were determined 
from the content in the products of the 
alkane corresponding to the original alkene, 
and (c) the conversions for rate measure- 
ments were kept low (under 7%) and this 
allowed us to calculate the initial reaction 
rates, rAo, extrapolated to zero conversion. 

The found dependences of the initial re- 
action rates for alkene hydrogenation rAo on 
the feed composition had the same shape 
with all compounds; some examples are 
shown in Fig. 1. A maximum appeared in 
the neighborhood of the mole fraction of 
alkene in the feed y, = 0.15 in all cases. 
However, the heights of the curves de- 
pended strongly, in the range of two orders 
of magnitude, on alkene structure. 

The rate equation for alkene hydrogena- 
tion can be written in the general form 

rAo = ~~~~~~~ pHo), (1) 

pAo and pHo being partial pressures of al- 
kene and of hydrogen, respectively, in the 
feed. A family of curves with equal posi- 
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FIG. 1. Experimental dependences of the initial 
reaction rates of alkene hydrogenation rAo at 300°C on 
feed composition expressed as the molar fraction of 
the alkene in the mixture with hydrogen yA. 
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TABLE 1 

Alkenes, Corresponding Half-Hydrogenated Species, Maximal Rates, and Sums of Sterric Constants for the 
HaIf-Hydrogenated States R1RZR3C- 

No. 

Alkene 

Structure of 

Intermediate 

ry a ES 

1 CH*=CH, 
2 CH,=CH-CH, 
3 CHZ=CH-C2H5 
4 CHI=CH-CIHS 
5 CH,=CHtC,H, 
6 CHZ=CH-CGH13 
7 CH,=CH-C,H,, 
8 CH,=C(CH,), 
9 CH,=C(CH,)(iC,H,) 

10 trans-CH,-CH=CH-CH, 
11 cis-CH,-CH=CH-CH, 
12 (C&),C=C(CW, 

CHJZHz- 46 0.50 
(CH&CH- 40 0.25 

(C&KJ-WH- 19 -0.02 
(CH,)(G&JCH- 11 -0.34 
(CI-kNGH,)CH-- 29 - 1.89 
(CH3)(CgH,&H- 10 -0.33 
(CH3)(C8H,,)CH- 22 -0.32” 
(CW,C- 32 0.00 
CHMC&MC- 0.80 -2.3 
(CHd(GHXH- 21 -0.02 

(CH,)(GH,)CH- 20 -0.02 
W&WJW- 0.62 -2.3 

a In mol h-’ kgJ. 
* Estimated. 

tions but different heights of the maximum, 
as in Fig. 1, appears when the function 
f(pAo, pAo) has the same value for all com- 
pounds which then differ only in the value 
of the rate constant k. In such cases, the 
influence of reactant structure is projected 
into a single kinetic parameter, k, which is 
directly proportional to the maximal value 
of the initial reaction rate rTax. The values 
of rgax are summarized in Table 1. 

DISCUSSION 

Efect of Alkene Structure 

The inspection of the rate data in Table 1 
and their comparison with similar series 
measured on metal catalysts (1-9) reveal 
basic differences. Whereas on metals the 
rate decreases with the number and size of 
the substituents on the C=C group, analo- 
gous regularities cannot be observed in our 
case. 

-The key to the interpretation of our data 
is the same reactivity of tram- and cis-2- 
butene. It indicates that in the slow step 
their original structures have been already 
changed into an identical species. This in- 

termediate could be the half-hydrogenated 
state 

H\C.CAH 

~ CH3-r-C2H5 

HC’ ‘CH 3 3 

Its further transformation would be then 
rate determining. This hypothesis is sup- 
ported by the comparable reactivities of 
2,3-dimethyl-2-butene and 2,3-dimethyl-l- 
butene that, under the assumption that the 
first hydrogen atom is added to the less 
substituted carbon atom, form identical 
half-hydrogenated states 

“3C \ /CY 

H3Ccc=c\CH3 \ CHICH,), , 

H3C. 
,c=c 

,H / C”3-rCH3 

(CH3 I2 HC ‘H 

This qualitative interpretation of some 
observed relative rates was corroborated 
by quantitative treatment. A linear free 
energy relationship was sought that would 
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describe all of the data. Various forms of 
the Taft equation and its modifications were 
employed; the sums of inductive and steric 
constants for substituents on both the start- 
ing alkenes (Bu* and ZE, for R1R2C= 
CR3R4) and half-hydrogenated states (for 
R1R2R3C-) were calculated from tabulated 
values and plotted against log k. Also the 
four-parameter Taft equation for simulta- 
neous influence of the inductive and steric 
effects was tested. 

The only acceptable correlation was ob- 
tained for the steric influence on the half- 
hydrogenated state expressed by the Palm 
(I 1, 12) E,O constants that are the original 
Taft Es constants (13) corrected for hyper- 
conjugation between the reaction center 
and cu-hydrogens. Similar correction was 
used by Taft and Kreevoy (14) for correla- 
tion of hydrogenation enthalpies of alkenes 
with inductive u* constants. For our corre- 
lation the assumption was accepted that the 
first hydrogen atom is added in a rapid step 
to the less substituted carbon atom. This 
has yielded a very good linear relationship 
(Fig. 2) corresponding to the expression 

log rya:“” = a + sZEso (2) 

from which only the point for 3,3-dimethyl- 
1-butene (tert-butylethylene) deviates. The 

21 I I 1 

FIG. 2. Correlation of the maximal rate of alkene 
hydrogenation ca* and sum of constants Es0 express- 
ing the steric influence of substituents on the half- 
hydrogenated species. The numbers of alkenes corre- 
spond to Table 1. 

high reactivity of this compound could 
probably be caused by steric acceleration; 
the bulky substituent may induce some 
strain in the absorbed state. Without this 
compound, the relationship in Fig. 2 has a 
correlation coefficient of 0.98 and a slope of 
0.66. 

It should be noted that for metal cata- 
lysts, successful correlations have been 
published for sums of steric constants SE, 
of the substituents on the double bond of 
starting alkene, R’R2C=CR3R4, plotted 
against log K, (3) and log rAo (5). This 
indicates the addition of the first hydrogen 
to the double bond is rate determining, in 
contrast to our case. Possible explanation 
may be seen in different stabilities of 7r- 
bonded alkenes and o-bonded intermedi- 
ates. 

Kinetics 

The form of the function f(pAo, pn”) of 
Eq. (1) has been studied in our laboratory 
by Vyskocil and Kraus (2.5) for cyclohex- 
ene hydrogenation on a series of sulphided 
Co-MO-Al,O, catalysts. The initial reac- 
tion rates rAo were best described by the 
Langmuir-Hinshelwood type of rate equa- 
tion 

o _ k&pA”(p~o) 
rA - 

(1 + KAPA')' 
(3) 

irrespective of catalyst composition (n = 1 
or 2). (KA has the meaning of the adsorption 
coefficient of the alkene.) This expression, 
for n = 1, was tested for correlation of our 
rate data. Three methods have been used. 
The first one made use of the fact that the 
function 

f(PA', ho) = ,I";%zA:y (4) 

has, according to graphical representation, 
practically the same value for all alkenes. 
This is possible only when KA is the same 
for all members of the series. Using ye”” 
and total pressure P instead of partial pres- 
sures of the reactants at the maximal rate, 
expressions for calculation of k and KA can 



HYDROGENATION OF ALKENES OVER Co-MO-Al203 147 

be derived from Eq. (3), viz.: 

K* = (1 - 2yzax)/PygaY W 

k = 4rga”( 1 - yT=)/(l - 2yTaX). (5b) 

For ygax = 0.15, the value of KA = 47 
MPa-I. The values of k are then 4.86 rzax. 

This simple procedure was checked in 
several cases by the standard methods. The 
linear form of Eq. (3) (n = 1) 

= (l/kK,) + (Kt,/k)O.“pAo (6) 

can serve for estimation of the values of k 
and K, from the slope and intercept by the 
linear least-squares method. These values 
have been used as first estimates for the 
Marquardt method of nonlinear curve 
fitting. The values of the constants obtained 
by different methods are compared in Table 
2 for four alkenes. Although they differ in 
absolute values the trends in the influence 
of alkene structure are similar. The correla- 
tion on Fig. 2 would thus be affected only 
slightly by the method of data treatment. 

The selection of Eq. (3) by Vyskocil and 
Kraus (15) was empirical but the expres- 
sion can be derived from a reaction scheme 
assuming equilibrium adsorption of alkene 
and addition of hydrogen molecule from the 
gas phase to the adsorbed alkene in a single 

surface rate-determining step. This is 
clearly in contradiction to the analysis by 
reactant structure, which indicated consec- 
utive addition of hydrogen atoms. How- 
ever, such a mechanism can also be de- 
scribed without difficulty within the 
framework of the Langmuir-Hinshelwood 
kinetics. A four-step reaction scheme is 
necessary, consisting of dissociative ad- 
sorption of hydrogen (I), adsorption of al- 
kene (II), surface reaction of the adsorbed 
alkene with one hydrogen atom (III), and 
reaction of the half-hydrogenated state with 
the second hydrogen (IV). The first three 
steps are very rapid in both directions and 
therefore in pseudoequilibrium; the last one 
is rate determining (K denotes an active 
center): 

H,+2K e2H.K (1) 

A+K SA*K (11) 
A.K+H.K= A . H . K + K (III) 

AH.K+H.K=AH,+K. (IV) 

For simplification, the reverse reaction of 
(IV) is not considered here but can easily be 
included. Using the standard procedure for 
derivation of the Langmuir-Hinshelwood 
type rate equations we obtain 

kvK&K,,,L2p~p, 
’ = (1 + (K,p,Y2 + KS, + (K,)“2K,,K,,,(p,>“2~*)2’ 

(7) 

where klv denotes the rate constant of step 
(IV), K,-KIII equilibrium constants of steps 
(I) to (III), and L is the concentration of 
active sites per unit surface area or weight 
of the catalyst. If a very low adsorption of 
hydrogen is assumed, the terms containing 
K, in the denominator can be omitted. De- 
noting K,, = K, and k,,L2K,K,,, = k we 
obtain Eq. (3). 

Without doubt, serious simplifications 
were introduced into the derivation of Eqs. 
(7) and (3). Nevertheless, we can examine 
whether the physical meaning of the con- 

stants is compatible with observed struc- 
ture effects on rate. The rate constant k is a 
product of KIv, which should be strongly 
structure dependent, of K,, which is com- 
mon for all reactants as it expresses the 
adsorption of hydrogen, of KII1, the equilib- 
rium constant for the formation of the half- 
hydrogenated state, which should be struc- 
ture dependent but, as usually in the series 
of homologues, relatively slightly, and L2, 
which is common for all reactants as it 
describes the catalyst. Thus, the strongest 
influence of the alkene structure on rate 
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TABLE 2 

Comparison of the Constants of Eq. (2) Calculated by Different Methods 

Method Constant” Ethylene Propene 2-Butene 2-Methyl- 
propene 

From maxima k 223 208 92 162 
K.4 47 47 47 47 

Linear ieast- k 190 160 76 119 
squares K.4 72 74 47 53 
0%. (6)) 

Nonlinear 
regression 

0%. (3)) 

k 187 171 84 138 
KA 50 46 58 40 

a k in mol h-l kg-’ MPa-‘, KA in MPa-‘. 

could be expected from k,“. Our correlation 
of Fig. 2, which is based on the consider- 
ation of only the steric effect in step (IV), is 
in accord with this. 

However, in the case of the alkene 5 the 
interaction of the bulky rert-butyl group 
with the atoms surrounding the surface 
active center constitutes an additional 
steric influence. The release of the steric 
strain by the addition of the second hydro- 
gen atom may be stronger than the steric 
hindrance and the observed effect would 
then be steric acceleration. In this way, the 
positive deviation of the point for 3,3-di- 
methyl-1-butene from the straight line in 
Fig. 2 is explicable. 

It remains to discuss the possible causes 
for the constancy of KA. One would also 
expect this parameter to depend on the 
structure of the reactants because in our 
broad series of alkenes the molecular 
weight and the electron density of the dou- 
ble bond, i.e., the factors that influence the 
adsorptivity, vary appreciably. The experi- 
mental uncertainty could mask small 
changes in KA but in a relatively narrow 
range. Two explanations have been consid- 
ered. The first is that the two terms in the 
denominator of Eq. (7), which have been 
neglected in order to obtain Eq. (3), con- 
tribute significantly to the value of the 
function f(pAo, pHo) and make it insensitive 
to changes in KII. In this case, the physical 

meaning of the parameters of Eq. (3) would 
be different. 

The other possibility is that the assump- 
tion about equilibria of the steps preceding 
step (IV) is not correct. Models assuming 
various steps with rates comparable to that 
of step (IV) were examined but depen- 
dences differing from those in Fig. 1 were 
obtained. 

In spite of this unsolved problem it is 
evident that the use of reactant stntcture 
as a probe for mechanism can help to 
provide critical evaluation of kinetic 
models. 
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