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The investigation of the main rules governing the selective hydrogenation of olefins in
the presence of aromatic hydrocarbons is of great practical and theoretical interest [1],
We have therefore studied the kinetics of hydrogenation of l-hexene [2]. In the present
work this study has been expanded to the hydrogenation of isohexenes with different struc-
tures: l-heptene, l-octene, and l-nomene on a palladium sulfide catalyst [3] in the presence
of an excess of benzene, toluene, or a mixture of xylenes, and in their absence.

EXPERIMENTAL

The kinetics of the reaction were studied on a flow-through recirculating setup, de-
scribed in [4]. The tests were carried out in the vapor phase at atmospheric pressure and
40-80°. The olefins were introduced into the system by passing a saturated gas stream (H,,
Da, He) through thermostated saturators. The characteristics of the catalyst and the condi-
tions for its reduction are given in [2, 3]. The activity of the catalyst was checked period-
ically by carrying out tests under standard conditions. The composition of the products was
determined on a LKhM-8MD chromatograph, using a 5-m column packed with 12% Triton X-303 on
Celite 545.

DISCUSSION OF RESULTS

It has been demonstrated in [2] that the hydrogenation of l-hexane proceeds in the
kinetic region. Since the hydrogenation rates of the other olefins studied were found to
be the same or lower than the hydrogenation rate of l-hexene (Fig., 1), it can be assumed
that the investigation has been carried out in the kinetic region. The hydrogenation is
accompanied by a migration of the double bond along the hydrocarbon chain; the rate of this
isomerization was found to be higher than the hydrogenation rate. Skeletal isomerization
was not observed under the experimental conditions used,.

The kinetic hydrogenation rules were similar for all the C¢-Cp, olefins studied. The
shape of the curves representing the hydrogenation rate as function of the degree of conver-
sion (Fig. 2) indicates the absence of reaction inhibition by the product [5]. The reaction
rate increases nonlinearily with the increasing partial pressure of the initial substances:
the olefin (at a constant H, concentration) and H, (at a constant olefin concentration)
(Figs. 3, 4).

In the presence of aromatic hydrocarbons the hydrogenation rate decreases strongly
(Fig. 5), whereby the xylenes inhibit the reaction more strongly than toluene and benzene.
Under the reaction conditions the aromatic hydrocarbons remain unchanged. It can be assumed
that their influence is based on the competing adsorption of the aromatic and unsaturated
hydrocarbons. IR studies have shown that benzene is adsorbed more strongly on the surface
of the palladium sulfide catalyst than l-hexane.

Table 1 shows the influence of replacement of the hydrogen by deuterium in the hydrogena-
tion and isomerization of 2-methyl-2-pentene. Data of the conversion of l-hexene are also
added for comparison [2]. The experiments with H, and D, were carried out with the same
amount of catalyst and similar conversion rates were obtained by varying the volume velocity,
The existence of a kinetic isotope effect indicates that the hydrogen participates in the
slow stages of both reactions,
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*At equilibrium composition of -the isomers.
1tThe reaction was carried cut with a small amount of catalyst
(0.01 g), so that the hydrogenation was was negligible.
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TABLE 1. Kinetic Isotope Effects (B) on Hydrogenation and
Isomerization
Degree of con- L,
System T..°C version mmole/g +h B
Hydrogenation®
1-Hexene + H 80 0,71
1-Hexene + D§ 80 0:70% gg 14
2-MP-2 + H, 80 0,661 235 18
2-MP-2 + Dy, 80 0,692 143 .
IsomerizationT
1-Hexene +H 40 0,530 1023
1-Hexene + D- 40 0,513 699 L5
2-MP=2 + H, 80 0,140 50
9-MP-2 + D, 80 0,450 31 1.6

1,0 2,0
Ccurp IMmole/ g
Fig. 1. Hydrogenation rate as function of the

the current olefin concentration at 80°: 1)
l-hexene (a); l-heptene (b); l-octene (c); 1-
nonene {(d); 2) 4-M-1-P; 3) 3-M-1-P; 4) 3-M-2-P,
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Fig. 2.

80°.

Hydrogenation rate as function of
the degree of conversion; P°
1) 1l-Hexene; 2) l-nonene; 3) 4-M-2-P

(the solid curves represent the values cal-
culated from Egs. (1)-(3)).

The hydrogenation and isomerization of olefins in the presence of aromatic hydrocarbons

It is demonstrated in

is described by a scheme of stages, analogous to that shown in [2],
[2] that the hydrogenation of l-hexene can be described by the kinetic equation

where Py, Py, , Py, Py, Px are the partial pressures of the olefin, Hz, benzene, toluene, and
R . . .
the equilibrium mixture of xylenes respectively; k, k,, ki, kp, ki¢; kg are constants which
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Fig. 3. Hydrogenation rate as function of the current partial
pressure of the olefin at the temperature, °C, l-hexene (2):

1) 80; 2) 60; 3) 40°; 2-M-2-P (b): 1) 80; 2) 40° (solid curves
calculated from Egqs. (1)-(3)).
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Fig., 4. Hydrogenation rate as func~
tion of the partial pressure of H, at
80°: 1) l-hexene; 2) 4-M-2-P (solid
curves calculated from Egs. (1)-(3)).

include the adsorption coefficients. The values of the constants are given in Table 2.
Since the rules governing the hydrogenation of olefins were found to be similar, their
hydrogenation rates can be described by Eq, (1).

In the separate hydrogenation of 4-methyl-2-pentene, Z2-methyl-l-pentene, and Z-methyl-
Z-pentene mixture of all three isomers actually take part in the process, due to rapid iso~
merization, regardless of the fact which of them had been the initial one, Although iso~-
merization proceeds more rapidly than hydrogenation, an equilibrium was not reached in iso-
merization; this allowed us to vary the ratio between the isomers by chosing one of them as
the initial olefin. This allowed us to determine the rates of hydrogenaticn and isomeriza-
tion of each of the methylpentenes separately. In this case the hydrogenation rate of each
of the methylpentenes is given by the kinetic equations

(BPy + hsPy + ksPs) Py (2)

ry = W
M = Py2s + (kyPy + kP, + kePy) Prs + Py + ksPy + koPy + 3
' +‘Zﬁbpb_*—‘;{gtpt_i—kxpx' )
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TABLE 2. Constants for Eq. (1)

k- 102» LA kb ke kX
T.,°C mole /g -h -gpals | K, gPa~!
gpa™+
40 0,148 0,113 0,461 2,67 4,02 11,3
60 0,185 0022 | 0571 198 2110 64,
80 0,225 0,005 0,690 0,67 1,18 2,9
E®, ki mole 96 —7,t 9,2 31,4 | -284 | -317

*Activation energy or parameter which characterizes the tem~
perature dependence of the constants.

- arbitr, units

p

arom’ gPa

Fig, 5. Hydrogenation rate of
methylpentenes as function of the
amount of aromatic compounds added
at 80°: 1) benzene:; 2) toluene;
3) equilibrium mixture of xylenes
(solid curves calculated from Egs.

(1)-3).

where Py, P,, P are the partial pressures of 4-methyl-2-pentene (4-M-2-P), 2-methyl-2-pentene
(2-M-2-P), and 2-methyl-l-pentene (2-M-1-P) respectively.

The accumulation rate of each methylpentene in the case of simultaneous hydrogenation
and isomerization is given by the equations

(K10Pz — k11P1)Pgif — kP Py,

TeMpe = i 4)
(k1P — FoP2) ng: — koPyPyy — (k1aPy — k1Ps) Pt}i 5)
r'Z‘MP.—Z == ‘ o
(k12Ps ~— kigPs) PY — kaPyPy
FaMP1 = 7 : (6)

The rates were calculated from the kinetic equations (1)-(6) on a BESM-6 computer, using
a modified FUMILI program and the values of the constants given in Tables 2 and 3., The mean~
square deviation of the calculated data from the experimental ones was 19-22%. The confidence
interval of the calculated constants of Eqs. (1)-(6) with a probability of 95% was equal to
+15%.

The kinetic equations (2) and (3) describe hydrogenation of mixtures of different composi-
ions. In order to extend this kinetic model to other mixtures, we have prepared synthetic
blends with different compositions. By assuming a simple interaction, i,e,, adsorptive dis-
placement of one component of the reaction mixture by another from the catalyst surface and
by applying the above equations for individual hydrogenations, the hydrogenation rates of,
for instance, mixtures of l-hexene and l-nonene can be expressed by
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ro=—tor 7
kCQPC9PHg (8)
ng - MM
M = Py% + (ke Pc, + ke, Pc)Py® + ke,'Pe, + ke Po, 9

where the constants, kg, kgg, kgps kg s kcz, kel have the same meaning as those given in
Table 2 for the hydrogenation of individual components Cg-Cg, The items in the denominator
indicate adsorption inhibition by both components,

The hydrogenation rates calculated from Eqs. (1) and (7)-(9) are given in Table 4. The
mean square deviation of the experimental data from those calculated from Eq. (1) was found
to be 30%, the deviation of those calculated from Eqs, (7)-(9) 22%. The good agreement be~
tween these values (derived from Eqs. (7)~(9)) indicates that the assumption of a simple
interaction mechanism is correct.

Thus, the simple interaction is described by kinetic equations of the same kind as in
the case of individual hydrogenation, only introducing a more complicated denominator due
to competitive adsorption. It is essential that no new constants are required to describe
simultaneous hydrogenation rates; they are all obtained in separate hydrogenation tests.

CONCLUSIONS

1. A kinetic model has been established for the hydrogenation of Ces-Cs olefins on a
palladium sulfide catalyst at atmospheric pressure in the presence of benzene, toluene, and
xylenes, according to which the aromatic hydrocarbons inhibit the reaction due to adsorptive
displacement.

2. When hydrogen is replaced by deuterium, kinetic isotope effects are observed in
hydrogenation as well as in isomerization; this indicates the participation of hydrogen in
the slow stages of both reactious.

3. The hydrogenation rates of the individual olefins in mixtures can be calculated
on the basis of constants determined in the investigation of the individual olefins, i.e,,
simple interactions take place in the system.
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