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A competitive hydrogenation of unsaturated hydrocarbonméthylstyrene, cyclohexene, 1-methyl
cyclohex-1-ene, lert-butylcyclohex-1-ene and trt-butylcyclohex-1-ene) in binary and ternary sy
tems with palladium-, platinum- and rhodium-supported catalysts in a semibatch isothermal rea
20 °C under atmospheric pressure was studied. It was found that considerable variance in sel
values of competitive hydrogenation in a series of substrates with increasing substituent bulkil
caused by differences in adsorption and in reactivity of adsorbed molecules. In the case of
systems, a change in selectivity of competitive hydrogenation of two substrates was observed,
the presence of a third substance, caused by a competitive adsorption of all three substrates «
interaction on a catalytic surface.

Key words: Competitive hydrogenation; Palladium; Platinum; Rhodium; Adsorptivity; Heterc
neous catalysis; Unsaturated hydrocarbons.

Research on selectivity of catalytic hydrogenations still ranks among contemp
tasks of heterogeneous catalysisThe obtained data gather a valuable piece of knc
edge significant not only for the general theory of hydrogenation reactions but al
the industrial application. Although there exists an immense amount of literature
cerning selective hydrogenations of alkene substrates, only an insignificant perc
of the studies utilize the method of competitive hydrogenation redctiofhis work

involves determination of hydrogenation selectivities in systems formed by com
tion of substrates with substituents of a varied bulkiness (H, C{CH;)5) close to the
reaction center — double bond in a six-membered cyclic skeleton and in an &
model. Using the initial reaction rate values acquired in the hydrogenations of inc
ual substances, relative adsorption coefficients of individual substrates were deter
from selectivity values of competitive hydrogenations. All these quantitative
allowed a discussion relating to the effect of a bulky substituent in a close vicinity
double bond, with regard to formation of an adsorbed complex and to the surface
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tion rate. The obtained results also enabled discussion about structural effects il
rogeneous cataly$is! with regard to the effects of a varied active component ¢
catalyst supported on an inert carrier.

EXPERIMENTAL

Chemicals

The substrates used were of commercial origirmethylstyrene (Slovnaft), cyclohexene (Koct
Light), 1-methylcyclohex-1-ene (Aldrich), tert-butylcyclohex-1-ene, 3ert-butylcyclohex-1-ene
(Aroma) and were distilled before use. The solvent was methanol of analytical grade (Penta)
trolytic hydrogen 4.0 (Linde Technoplyn) was used.

Catalysts

The catalysts used Pt/C-Secomet AN (Doducco Kat. GmbH), Pd/C-Cherox 4100ch (Chemc
Ltd.), Rh/C (DOT, ICT Prague) were characterized by the particle crystallite size, surface are
active component surface area (Table 1). The particle crystallite size was determined using o
Seifert 3000P with Co# and graphitic monochromator. The particle size was computed usin
one-point method, always from the most intense line of the monitored material. Since it ext
only a slightly elevated background on diffraction pattern, rhodium catalyst was X-ray-amorp
Platinum and palladium catalysts show a definite crystallite structure. A measurement of pt
adsorption of nitrogen was carried out using a Pulse Chemisorb 2700 system, Micromeritics; tt
surface areaSset) was evaluated from the BET region. The surfaces of catalysts supported or
vated carbon were subject to error, caused by the instrumentation used which, due to their g
tents, did not enable an exact determination. The error reached approximately up to 10%
determined value. Specific surface of the catalyst active component was determined using the
of selective hydrogen chemisorption and successive titration of its oxygen-adsorbed quantit
potentiometric indication of the equivalence point.

Apparatus and Kinetic Measurements

Kinetic measurements were carried out in a semibatch stirred reactor@tiler hydrogen press
ure of 101.3 kPa in methanol. A detailed description of the equipment is given elséwhérthe
measurements were carried out in the kinetic region. The reaction course was monitored by me

TaBLE |
Characteristics of hydrogenation catalysts

Catalyst Grain size, mm  Particle size, nm Sger, M? gk, Svers NP Gk,
3% Pd/C <0.02 20.2 1161 a

5% Pt/C <0.05 15.5 778 45.3
5% Rh/C <0.02 <5.0 1201 75.3

2 Not determined.
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the time dependence of hydrogen consumption and time changes of molar concentrations obte
chromatographic analysis (GLC). In hydrogenations, 2 mmol of substrate was used, 1 mmol c
substrate in competitive hydrogenations in 15 ml of methanol. The catalyst amount ranged b
0.1-0.01 g, depending on the substrate and catalyst type used.

In binary systems, which did not consist ofett-butylcyclohex-1-ene substrate, competitive h:
drogenations were carried out using 1 mmol of each substrate. In the case that one of the st
was ltert-butylcyclohex-1-ene, it was necessary to use alkeregt:-butylcyclohex-1-ene molar ratio
1 : 20 because of very low concentration changes of this substance in the course of competi
drogenation. Similarly, the problem of low contentstart-butylcyclohexane in the course of comp:
titive hydrogenation in ternary systems was solved.

Analytical Method

Samples withdrawn at appropriately selected time intervals were analyzed using a gas chroma
HP 5890 Series Il plus (Hewlett—Packard) with flame-ionization detector (FID) and capillary co
HP-20M (length 50 m, inner diameter 0.32 mm, thickness of stationary phaspm)32 tempera-
ture programs between 333-453 K and overpressure of carrier ga8Q(MPa. The substance cor
tents in the reaction mixture were determined using the internal standard method. The ir
standard was n-decane (Aldrich).

RESULTS AND DISCUSSION

For the purpose of this work, the above-mentioned alkenes can be divided int
groups, the first being made up of substances containing in their molecule a six-c
cyclic skeleton containing a double bond and bearing substituents of a varying

ness (cyclohexene, 1-methylcyclohex-1-endert-butylcyclohex-1-ene). The secon
group consists of two comparative model substances containing a disubstituted
bond. In the case of @rt-butylcyclohex-1-ene, the equal six-carbon skeleton is
volved, which contains a bulkert-butyl substituent ir-position to the double bond
in the case ofi-methylstyrene, the terminal double bond bears an aromatic ring c«
gated with the investigated reaction center. All substances did not significantly ve
their molecular weights (82.15-138.25 g mylthe influence of which is hence a:
sumed insignificant, relative to their adsorption terms discussed through the re
adsorptivities.

Hydrogenation of Individual Substrates

Hydrogenations of individual alkene model substances were performed, excl
3-tert-butylcyclohex-1-ene, which was available only in a mixture wittertbutyl-

cyclohex-1-ene. The obtained time dependencies of hydrogenated substrate con
tions were utilized to determine initial reaction rate values, which were read fror
linear region of the dependences f(t). These values were subsequently used for
culation of relative adsorption coefficients. Even at high conversions (>90%), the
tions were mostly of zeroth order with respect to substrate concentration

Collect. Czech. Chem. Commun. (Vol. 63) (1998)



1918 Kacer, Laate, Cerveny:

hydrogenations were accomplished with total conversion of the starting subst:
having nature of a simple reaction, characterized by the schemeBAIn the case of
substituted cyclohexenes on palladium and rhodium catalysts, no presence of pos
isomers, resulting from the double bond migration, was detected by chromatogray
summary of the initial reaction rates for hydrogenations of individual model substz
is provided in Table II.

From Table Il it is apparent that the values of initial reaction rates of selected a
substrates exhibit considerably dissimilar figures, whose trend, in regard to a sul
type, is in all the selected catalysts identical and decreases in the gemeshyl-
styrene > cyclohexene > 1-methylcyclohex-1-ene tertbutylcyclohex-1-ene. From
the values of initial reaction rates of individual alkenes, it is also possible to set L
following sequence of the selected catalysts in the order of decreasing activity
double bond hydrogenation: Pd/C > Rh/C > Pt/C.

From the provided results of hydrogenation of individual substrates it follows
the assumption of an equal mechanism of the catalytic reaction with all model
stances was fulfilled. Furthermore, all the three catalysts selected for quantitati
sessment of the bulky-substituent effect upon the course of a heterogeneous c
reaction conducted a constant-like factor manner and changes in reactivity and a
tivity incurred only due to the structure of hydrogenated substances.

TasLE Il
Initial hydrogenation rates of substrates

Catalyst Substrate fo, mmol min?t gg;t

Pd/C a-methylstyrene 144+ 0.2
cyclohexene 26.0+ 2.0
1-methylcyclohex-1-ene 3.3t 0.1
1-tert-butylcyclohex-1-ene 0.72 0.02

Pt/C a-methylstyrene 21+ 01
cyclohexene 19.0+ 1.0
1-methylcyclohex-1-ene 1.5+ 0.1
1-tert-butylcyclohex-1-ene 0.13 0.02

Rh/C a-methylstyrene 7.2+ 0.2
cyclohexene 240+ 1.0
1-methylcyclohex-1-ene 1.9+ 0.1
1-tert-butylcyclohex-1-ene 0.2 0.01
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Competitive Hydrogenations in Binary Systems

A relatively simple relation for selectivity, defined using the reactivity ratio of b
substances, can be established if the kinetics of these substances involved in a
titive reaction can be expressed with an equation of the same form. If the rate-det
ing step is a surface reaction and the reaction is carried out far from equilibrium,
simplest case with an assumption of ideal behaviour, it is possible to write fo
hydrogenation of A and B substrates:

i KanKaCa __ dca Vv (1)
"1 KaCa + KgCg + Ky + ZKiQ dt w
ksnuKgC dc
o sH\8CB __USsV _ ©

14 Kglg +KaGp +Kpcy + YK dtw

The hydrogen concentration and its adsorption constant are included in the kineti
stantk,,. From Eqgs 1) and @), it is possible to derive a relation for the selectivity
competitive hydrogenation commonly known under the name Rader—Smith eqt
[18]:

log (Ca/Cao) _ KarKa _
log (Cg/Cao)  KerKs

S - ©)

In ideal case, the dependence log/¢,;) on log €g/Cgp) is a straight line charac:
terized by the slop&,5. The measured data very well fulfilled the linear characteri:
of this equation, which is apparent from the values of correlation coefficignthich
ranged in an interval (0.91-1.00). Table Il shows $hg selectivity values obtainec
using this procedure. Relative adsorption coefficiet{fKg shown also in Table I,
were computed using the acquirgg; values and initial reaction rategof hydrogena-
tion of individual substrate, which were in the above Bj).substituted for reaction
rate constantk,y andkgy.

The valuesS,g, rag/Tge, Ka/Kg acquired from competitive hydrogenations of bina
systems of model substrates fostered a discussion about the structural effect upc
tivity and adsorptivity of substituted alkenes. In a series of structurally similar
strates, two extreme cases of substituent effect upon the course of a heterog
catalytic reaction may arise. In the first case, substrates exhibit the same reacti
the adsorbed state; however, they differ significantly in their adsorptivity. The se
case includes substrates with an equal adsorptivity, differing, however, in the rea
of molecules in the adsorbed state. It is apparent from Table Il that a combinati

Collect. Czech. Chem. Commun. (Vol. 63) (1998)



Kacer, eaztayC

1920

T0F6¢ T0D8 ¥266°0 9'0¥Se 8Ua-T-X38Y0JoAd|AINg-LIST 8UB-T-X3Y0JoA|AYIBIN-T
- - 6T96°0 YT #FEC 8Ua-T-X8Y0[oAd|AINg-LIaT aua-T-xayojoAojfing-usl-¢
€07¥2C T B0T L0€6°0 vZ #re 8Ua-T-xaY0[oAd|AINg-LU8L 8UaxaYo[aAD
T8 9'0B'ZE 87960 LT £SC 8Ua-T-xaY0[oAd|AIng-LaTL aualfis|Ayisn-n
T0F0¢ 20272t 9586°0 0EE 8ua-T-xayojoAojAyraw-T 8uaxaYo[aAD
T0%0. T0®BE T066°0 8'GDC 8ua-T-xaYojoAojAyraw-T aualfis|Ayisn-n
500 ®v'E T0'0 BE0 1G66°0 2008'T o/yd 2UaXaY0[2kd aualfis|Ayisn-n
20F'e Z20PTT 9¥16°0 SC6.LC 8Ua-T-XaY0[oAd|AINg-LIST 8Ua-T-X3Y0[oAo|AYIBIN-T
- - 1666°0 20E9E 8Ua-T-XaY0[oAd|AINg-LIaT aua-T-xayojoAojfing-usl-¢
T0FL 8T %'9¢ 12,60 2T 292 8Ua-T-xaY0[oAd|AINg-U8L 8uaxaYo[aAD
T¥.2 G0 29T 52560 vZ eV 8Ua-T-xaYo[oAd|Aing-LaTL aualfis|Ayisn-n
T0F0 20272t 2€66°0 Ta®l 8ua-T-xayojoAojAyraw-T 8uaXxaYo[dAD
T°0 ¥8°0T €oBr'T 9566°0 CEET 8ua-T-xayojoAojAyraw-T aualfis|Ayisn-n
20791 T0'0 TT0 ¥666°0 Z0°'B6'T ond aUaxayo[oAd aualfis|Ayisn-n
z0¥8Y 109V T.56°0 eT&CC 8Ua-T-XaY0]2A2|AINg-1sT aua-T-xayo|dAdjAyBIN-T
- - G9£6°0 81§22 8Ua-T-X8Y0JoAd|AINg-LIaT aua-T-xayojoAojfing-usl-¢
€0 70T 8T T'9¢ 2€66°0 Z€ #6€ aua-T-XaYo[okojfing-Lag 8UBX8YOJ0AD
T ¥5¢ €09P0Z §596°0 ¥2Z 805 aua-T-X8Yo[okojfIng-LalL aualfis|Ayisn-n
TOF2 v'0®BL 2€66°0 €831 ausa-T-xayojoAdjAyraw-1 BUBX3YOIIAD
T0%99 T0% YV 18660 ' @B 8ua-T-xayojoAojAyraw-T aualfis|Ayisn-n
900 FIT'E ¥0'0 BS'0 9966°0 €O'®BIT 2/pd aUaXaY0[akd aualfis|Ayisn-n
A 08/0v) | avg 1sArered g ayensqns v arensgns

suoneuabolipAy annnadwod Jo s)nsay

11l 31av]

Collect. Czech. Chem. Commun. (Vol. 63) (1998)



Competitive Catalytic Hydrogenation 1921

both above-mentioned extreme cases is involved with the selected catalysts, w
depended upon what particular substrate effect of the two predominated.

It is also apparent from Table Il that selectivity values of competitive hydrog
tions in binary systems-methylstyrene (substrate A)-cyclohexene with a vary
bulky substituent bonded on the double bond (substrate B) are always shifted in
of a substrate with di-substituted terminal double bonds, which is in conformity
the generally known principl@$®. The only exception was the systemethyl-
styrene—cyclohexene on rhodium catalyst, where the selectivity was shifted in tt
sumed direction only very inexpressively, which was primarily due to a diffe
reactivity of these substances. Selectivity of competitive hydrogenation in these t
systems increases with growing bulkiness of the substituent hindering the double
in the series H < Ckk C(CH;); always by one order of magnitude. This phenomer
is caused on the platinum catalyst by a higher adsorptivity-miethylstyrene due to
the terminal double bond; on palladium, there is a less significant difference bet
reactivity and adsorptivity effects. It is impossible to conclude similarly for the |
dium catalyst though, since the adsorptivity effect again prevailed in the case of
hexene and 1-methylcyclohex-1-ene, whereas in the cas¢éedfdutylcyclohex-1-ene
the case was just opposite.

The obtained values of discussed quantities in systems of substrates contain
same skeleton, cyclohexene ring, were interesting. In this case, even the poten
fluence of the rest afi-methylstyrene molecule was no longer present, location of
double bond, and the substituent on the reaction center remaining the sole varial
competitive hydrogenation in cyclohexene—1-methylcyclohex-1-ene and cyclohe»
1-tert-butylcyclohex-1-ene, there was again an order-of-magnitude in selectivity v
depending on the substituent bulkiness. In all these binary systems on all the s
catalysts, a highly increasing negative influence upon the surface reaction rate
increasing substituent bulkiness was evident, whereas the adsorbed complex for
had only a trifling effect, which is evident from a minimum sensitivity of relative
sorption coefficients to the substituent size. From the acquired data, it follows
adsorptivity is affected mainly by the cyclohexene skeleton and the bulky substit
do not play a significant role, which is very markedly displayed in the case of rho
catalyst. All these conclusions were confirmed by competitive hydrogenations c
1-methylcyclohex-1-ene—tert-butylcyclohex-1-ene binary systems. Again, the re
tivity effect here predominated over the effect of adsorptivity. The palladium cat
was an exception: the influence of both of the mentioned factors was approximate
same; however, the value of relative adsorptivity was relatively low. The differen
selectivities of competitive hydrogenations of the 1-methylcyclohex-1-etest1-
butylcyclohex-1-ene binary system, related to the individual catalysts, was insigni
in comparison with all the above discussed binary systems.
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Selectivity values in the fert-butylcyclohex-1-ene—8ert-butylcyclohex-1-ene sys-
tem were determined as well. Since the cyclohexene molecular skeleton was ag
volved, the position of the bulky substituent was the sole variable factor. Selecti
of competitive hydrogenations on all the selected catalysts show values one or
magnitude different from the cyclohexenetett-butylcyclohex-1-ene system an
equal, in the case of palladium and rhodium catalyst, or similar, in the case of pla
catalyst to those for the 1-methylcyclohex-1-enéert-butylcyclohex-1-ene system
Since the 3ert-butylcyclohex-1-ene substrate was not available in required purit
was not possible to determine the values of relative reactivity and relative adsorp
Nevertheless, it is possible to claim that the effededfbutyl group in thex-position
to the double bond of cyclohexene has approximately the same influence as the
group bonded directly to the reaction center.

The feasibility of an indirect determination of competitive hydrogenation sele
ity'3 was confirmed in the above mentioned binary systems from values obtaine
other substrate pairs, based on the assumed validity of the following relation:

S SBcca= 1. @

As follows from the definition, Eq.5) must hold:

Sag = 1Ssa - ©)

The product values appearing on the left-hand side of4t@ré provided in Table IV.
A relatively great variance is partially caused by the product of the values subject
error of instrumentation, which was not here considered. It is necessary to realiz
the determination of selectivity values in binary systems formed by substi
a-methylstyrene, 1-methylcyclohex-1-enetettbutylcyclohex-1-ene on rhodiun
catalyst is impossible. This is perhaps caused by specific interactions among the
tioned substrates on the catalytic surface, alternatively also to interactions amon
strates and molecules of the solvent from the bulk phase. Nevertheless, the ré)at
can be applied, at least when used for rough selectivity assessments of values m
independently for other alkene substrates of a similar structure type. Selectivity \
calculated in this way for binary mixture of 1-methylcyclohex-1-ente+Bbutylcyclo-

hex-1-ene, which could not be measured for the above given reasons, are after ¢
lation based on the relatiod)( 1.14 for palladium catalyst, 0.93 for rhodium cataly
and 1.32 for platinum catalyst. These values confirm the above conclusion, acc
to which the effect ofert-butyl group in thea-position to the double bond of cyclo
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TaBLE IV
Confirmation of feasibility of an indirect determination of competitive hydrogenation selectivitie

Substrate A

CB: Se Sec Sa She See S

Pd catalyst

a-Methylstyrene 1.68 16.8 1/29.0 0.97
Cyclohexene
1-Methylcyclohex-1-ene

a-Methylstyrene 1.68 394 1/508 1.30
Cyclohexene
1-tert-Butylcyclohex-1-ene

a-Methylstyrene 29.0 22.2 1/508 1.27
1-Methylcyclohex-1-ene
1-tert-Butylcyclohex-1-ene

Cyclohexene 16.8 22.2 1/394 0.95
1-Methylcyclohex-1-ene
1-tert-Butylcyclohex-1-ene

Pt catalyst
a-Methylstyrene 1.98 10.7 1/15.2 1.39
Cyclohexene
1-Methylcyclohex-1-ene
a-Methylstyrene 1.98 267 1/431 1.23
Cyclohexene
1-tert-Butylcyclohex-1-ene
a-Methylstyrene 15.2 27.9 1/431 0.98
1-Methylcyclohex-1-ene
1-tert-Butylcyclohex-1-ene
Cyclohexene 10.7 27.9 1/267 1.12
1-Methylcyclohex-1-ene
1-tert-Butylcyclohex-1-ene

Rh catalyst
a-Methylstyrene 1.04 25.3 1/26.5 0.99

Cyclohexene
1-Methylcyclohex-1-ene

a-Methylstyrene 1.04 244 1/257 0.99
Cyclohexene
1-tert-Butylcyclohex-1-ene
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TaBLE IV
(Continued
Substrate A
B SAB S3C S:A SAB S3C S:A
C
Rh catalyst
a-Methylstyrene 26.5 25.1 1/257 2.59

1-Methylcyclohex-1-ene
1-tert-Butylcyclohex-1-ene

Cyclohexene 10.7 25.1 1/244 1.10
1-Methylcyclohex-1-ene
1-tert-Butylcyclohex-1-ene

hexene skeleton is approximately concurrent with the effect of methyl group bo
directly on the reaction center.

Competitive Hydrogenation in Ternary Systems

Ternary systems were formed by a substrate pair consisting of a bulky substitu
the cyclohexene skeleton,tért-butylcyclohex-1-ene or Bert-butylcyclohex-1-ene,
and a model alkene substratemethylstyrene or cyclohexene, respectively. The
sults of performed experiments are presented in Table V. The selectivities were
mined using straight line slopes, which were produced interpolating the experir
data plotted in the Rader—Smith coordinates. A typical course is depicted in F
Addition of a third substance, capable of competitive adsorption on the catalytic

0.0 T T T T T
;i 01 S
Fe. 1 § ’ ’:‘://
Competitive hydrogenation in ternary system 3- 0.2 - . ’,—;"“ 7
tert-butylcyclohex-1-ene—tert-butylcyclohex- . ':.’,"
1-ene—cyclohexene on Pd/C catalyst. 03 - ) ';/,'/ 7
—— Ternary system fert-butylcyclohex-1- o
ene-3tert-butylcyclohex-1-ene—cyclohexene. 04 e 7
—..—..— Binary system ZXert-butylcyclohex- .’ ,‘,’/
1-ene—3tert-butylcyclohex-1-ene after cyclo- Rl T ,-5' 7
hexene vanishing from the reaction mixture. o6 ,)’?'
———— Hypothetical reaction course in ternary [ ]
system.
-.-.— Binary system ZXertbutylcyclohex-1- >/ %
ene-3tert-butylcyclohex-1-ene log (c,/c,;)

Collect. Czech. Chem. Commun. (Vol. 63) (1998)



Competitive Catalytic Hydrogenation 1925

face and not causing just a blocking of the surface, significantly affected not onl
drogenation rates of all the substrates, but notably altered selectivity values of the
petitive hydrogenations as well. As it is apparent from Table V, in all the ter
systems on all the selected catalysts, a decrease in selectivity occurred itethe
butylcyclohex-1-ene—tert-butylcyclohex-1-ene systengfg)c). After the fastest reac:
ting substratep-methylstyrene or cyclohexene vanished, a selectivify)(increase
occurred which, within the frame of a variety of experimental data, returned t
original value.

TaBLE V
Changes in selectivity in transition from binary té8tbutylcyclohex-1-ene—tert-butylcyclohex-1-
ene) to ternary system (8ft-butylcyclohex-1-ene—tert-butylcyclohex-1-ene—C)

S Substrate C Catalyst Sas)c Sae
225+ 1.8 cyclohexene Pd/C 19831.3 233+ 1.6
225+ 1.8 a-methylstyrene Pd/C 1761.2 234+ 1.2
36.7+ 1.2 cyclohexene Pt/C 3261.1 35.9+ 1.8
36.7+ 1.2 a-methylstyrene Pt/C 261 1.7 371+ 1.1
23.4+ 1.4 cyclohexene Rh/C 1981.4 233t 1.4
225+ 1.8 a-methylstyrene Rh/C 1881.6 233+ 1.6

The authors acknowledge the Grant Agency of the Czech Republic for finantial support (gra
104/96/0445).

SYMBOLS
A substrate (substance to be hydrogenated)
B substrate (substance to be hydrogenated)
Ca concentration of substance A, mol ¥m
Ca0 initial concentration of substrate A, mol o
f correlation coefficient
Ka rate constant of hydrogenation of substrate A
Ka adsorption coefficient of substrate A
Ka/Kg relative adsorption coefficient
ra rate of hydrogenation of substrate A, mol migct
S selectivity of competitive hydrogenation of substrates A and B
SaB)C selectivity of competitive hydrogenation of substrates A and B in presence of substz
S selectivity of competitive hydrogenation of substrates A and B after vanishing
stance C from the reaction mixture
SseT total surface area, hajgk
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SvET metal surface area,%wgtal Ooat
time, min

\ volume of reaction mixture, dn
w weighed amount of catalyst, g

—
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