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A mathematical model was developed to investigate the influence of substrate intraparticle mass
transport limitations on the hydrogenation rate of cyclohexene and cyclooctene at 25 to 50°C, 1 atm
hydrogen pressure, over RhCI(PPh;); bound to polystyrene—divinylbenzene (DVB) polymer beads.
Initial solute concentrations of ca. 0.16 M were used for the reaction rate studies. Intraparticle
transport limitations were determined to be negligible within the 200-400 mesh, 1, 2, and 3% DVB
catalyst beads under the reaction conditions employed. Changes in the reduction rate of cyclooc-
tene relative to cyclohexene were not caused by differences in intraparticle diffusion rates. Altera-
tions in selectivity were related to the catalyst bead swelling ratio implying that steric effects
induced by the presence of the polymer support in the vicinity of active rhodium affected intrinsic
activity. Intrinsic activity was found to depend on polymer crosslink density and functionalized
swelling ratio. Studies of the equilibrium distribution of substrate between the solvent-swollen
polymer phase and the surrounding bulk phase solution indicated that the substrate distributed
uniformly for the low DVB crosslinked beads used. The mathematical model was used to study the
measured reaction rate for an intraparticle mass transport influenced system: hydrogenation of
cyclohexene and cyclooctene over Wilkinson’s complex supported on 18-20 mesh, 3% DVB

polymer beads.

I. INTRODUCTION

Many transition metal complex catalysts
have been attached to crosslinked polymer
supports. The subject has been reviewed in
the literature (I/-8). The review authors
have discussed the relative advantages and
disadvantages of supporting transition
metal complex catalysts on insoluble or-
ganic supports. Polymer-bound complexes
have been observed to exhibit catalytic
properties similar to their homogeneous an-
alogs. An important advantage of polymer-
supported catalysts over the homogeneous
complex is the ability to separate them from
the reaction mixture by filtration. This fea-
ture would allow utilization of polymer-
supported complex catalysts in fixed-bed
reactors.

However, difficulties with polymer-
bound catalyst systems have been identi-
fied. These difficulties include changes in
activity and selectivity due to the altered
ligand environment (9, 10); steric con-
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straints imposed by the presence of the
polymer structure in the vicinity of the at-
tached complex (8, 10, 11); reduced activ-
ity due to the thermodynamic exclusion of
reactant molecules from the solvent-swol-
len polymer support phase (/4); and intra-
particle mass transport effects on the reac-
tion rate since the reactants must diffuse
through the solvent-swollen polymer ma-
trix to reach active complexes therein (8,
9, 11-16).

Gates and co-workers (17, 18) have in-
vestigated the dependence of catalytic ac-
tivity on polymer support structure for a
macroporous, sulfonated poly(styrene-
ethylvinyl benzene-divinylbenzene) resin
catalyst. They related the observed cata-
lytic activity to polymer swelling and reac-
tant transport effects. For vapor phase
reactants, both polymer swelling and mi-
cropore diffusion influenced the reaction
rate. Diffusion effects within the solvent
channels were negligible.

This study investigates the degree to
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which intraparticle substrate transport in-
fluences the activity and selectivity of a
transitton metal complex catalyst sup-
ported on a gel-form, or microporous resin
crosslinked polymer An intrinsic polymer-
supported reaction regime 1s established,
and Kkinetic rate parameters are determined
The intrinsic rate parameters are 1ncorpo-
rated into a mathematical model to describe
and predict reaction rates under conditions
where intraparticle substrate transport af-
fects the measured rate

Wilkinson'’s catalyst, RhCI(PPh,);, 1s ac-
tive for the hydrogenation of olefins at mild
conditions (/9) This complex has been at-
tached to gel-form, polystyrene-divinylben-
zene (DVB) polymer beads (/2), and was
selected as the model system for our study
The polymer-bound complex retains many
features of the homogeneous complex, but
alterations 1n activity and selectivity have
been observed (8- 16, 20, 21) Specific
changes include reduced activity and lower
relative rates of larger substrates, com-
pared to the homogeneous complex Re-
duced activity and altered selectivity have
been attributed to intraparticle substrate
mass transfer effects (8, 9, 1/-16) In addi-
tion, the presence of dimers (22, 23) and/or
multiply chelated rhodium (/6, 20) may be
responsible for the reduced activity

Grubbs et al (13) measured olefin hydro-
genation rates in benzene solution over
RhCI(PPh;); supported on 100-200 mesh,
polystyrene-2% DVB catalyst beads at 1 0
M olefin concentration and 1 atm hydrogen
pressure They also measured correspond-
ing hydrogenation rates for the homoge-
neous complex at 2 S mM RhCI(PPh;); con-
centrations They observed a decrease 1n
activity for the polymer-bound versus the
homogeneous catalyst complex The magni-
tude of the decrease in activity depended
on the olefin molecular size As the olefin
size increased, the polymer-bound rate de-
creased to a greater extent than the corre-
sponding homogeneous rate relative to
cyclohexene They proposed that the
alteration 1n selectivity (decreasing relative

rate with increasing olefin molecular size)
and the decrease n activity for the poly-
mer-bound complex was due to diffusional
restrictions within the swollen polymer ma-
trx

The present mvestigation required nu-
merical values for effective substrate diffu-
sion coefficients as a function of the sub-
strate molecular size and the polymer
network morphology We have measured
and correlated the diffusion of cyclic hydro-
carbons within benzene-swollen, polysty-
rene-DVB beads in the absence of chemi-
cal reaction (24) The substrate’s diffusion
coeffictent within the polymer relative to
pure solvent, D/D,, was correlated with the
volume fraction of polymer A correlating
curve was established for three cyclic hy-
drocarbons and polymer crosslink densi-
ties, and was interpreted in accordance
with an accepted model which proposes
that the swollen polymer matrix acts as a
physical obstruction to diffusion (25, 26)
These results were used to determine effec-
tive substrate diffusion coefficients when
the same polymers were used as a support
for the transition metal catalyst complex

II METHODS

Catalyst synthesis Wilkinson’s catalyst,
RhCI(PPh;);, was attached to gel-form,
polystyrene—(DVB) polymer beads stmuilar
to the method employed by Grubbs and co-
workers (13, 21) Polymer beads which
were not previously chloromethylated were
washed prior to chloromethylation to re-
move surface impurities (27) The catalyst
beads were prepared by chloromethylating
the polymer beads with chloromethyl
methyl ether (caution high toxicity, poten-
tial carcinogen) The chloromethylated
polystyrene-DVB was phosphinated by
treatment with hithio-diphenylphosphine
The rhodium complex was attached to the
phosphinated beads by equilibration with
Wilkinson’s catalyst for at least 5 days
This equilibration time should result in uni-
form distribution of Rh (21) All operations
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Fi6 1 Experimental system schematic 1, Hydrogen buret o1l reservorr, 2, hydrogen buret (100 ml),
3, reactor condenser, 4, gas bubbler vent, 5, hydrogen punfier, 6, gas dner, 7, inert gas manifold, 8,

liqud mitrogen trap, 9, vacuum gauge

were performed under argon using the mert
gas mamifold shown in Fig 1 Liquid trans-
fer operations were done using syringe
techmques All solvents and reagents were
deoxygenated prior to use

Three 200—400 mesh catalyst beads were
prepared with crosshnk densities of 1, 2,
and 3% DVB An 18-20 mesh, 3% DVB
catalyst was also prepared The elemental
analyses of the phosphinated and catalyst
beads as performed by Galbraith Laborato-
nies are presented in Table 1

Catalyst properties Bead swelling ratios,
q, defined as the ratio of the benzene-swol-

len bead volume to the dry bead volume,
were determined for the unfunctronalized
polymer beads and the catalyst beds ac-
cording to the procedure used by Roucis
and Ekerdt (24) These results are pre-
sented in Table 1 It was noted that the
swelling ratio decreased upon attachment
of the rhodium complex relative to the un-
functionalized polymer The swelling ratios
of the catalyst beads were measured under
argon using oxygen-free benzene and were
found not to vary between 25 and 60°C At
the low olefin concentrations employed 1n
the hydrogenation studies, approximately

TABLE 1

Polymer-Bound Catalyst Physical Properties

% DVB Mesh size

wt% P wt% Cl

wt% Rh  gralysiyrene-DvB  Geatalyst

1 200-400¢ 282 0073 — — —
200-400 285 — 318 630 251

2 200-400 324 020 — — —
200-400 321 — 307 403 173

3 200-400° 296 022 — — —
200-400 295 — 320 322 177

3 18-20¢ 307 082 — — —
18-20 283 — 212 31 160

@ Analysis of phosphinated polystyrene—DVB prior to complex attachment
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FiG 2 Reactor detail 1, Reactor flask, 2, imection/
GC sampling port, 3, constant temperature controller,
4, bath thermometer, 5, bath stirrer, 6, constant tem-
perature bath (o1l filled), 7, bath cooling coil, 8, mag-
netic stirrer (for reactor flask), 9, reactor condenser

0 16 M initially, the catalyst bead swelling
ratios 1n the presence of substrate were the
same as in the pure benzene solvent

The dry bead density and radius of the
18-20 mesh, 3% DVB catalyst beads were
determmed experimentally A weighed
quantity of catalyst beads was placed 1n a
graduated cyhlinder and the total bed vol-
ume noted The dry catalyst bead density,
1 07 g/cm?, was then calculated assuming a
bed void fraction of 0 44 determined from
the unfunctionahized polymer beads A dry
catalyst bead radws, 0 0515 = 0 0096 cm,
was deterruned by photographing bead
samples under a microscope Similarly, a
dry bead radius of 0 0480 * 0 0062 cm was
determined for the unfunctionalized 18-20
mesh, 3% DVB polymer beads

Partition factors were determined experi-
mentally for the 1, 2, and 3% DVB, 200-400
mesh unfunctionalized beads over the
range of substrate concentrations used n
the hydrogenation studies The substrate
partition factor, K, 1s defined as the ratio of
the equiibrium substrate concentration in
the solvent-swollen polymer beads to the
substrate concentration in the bulk phase
(the solution external to the beads) A
weighed quantity of polymer beads was

placed in a 50-ml round-bottom flask such
that a total swollen bead volume of 23 0 ml
resulted after the mtroduction of 35 0 mi of
benzene solvent Cyclohexene was then in-
troduced into the stured mixture m incre-
ments of 0 27 ml until a total of 1 63 x 1072
gmol was mjected The bulk phase compo-
sition was determuned after each injection
using a gas chromatograph

Hydrogenation procedure The gas mani-
fold (Fig 1), allowed manipulation of the
catalysts under an inert atmosphere Hy-
drogen was provided to the reactor system
by first passing through a Matheson Deoxo
filter to remove oxygen impurities, and then
through a Matheson Model 460 filter to re-
move moisture Argon was similarly puri-
fied to remove moisture before entering the
mert gas manifold The benzene solvent
and substrates were distilled over sodium
under argon prior to use

The hydrogenation experiments were
performed 1n the reactor system displayed
in Fig 1 at 1 atm hydrogen pressure (1 atm
equals 101 3 kPa) The reactor detail 1s pre-
sented in Fig 2 The reactor consisted of a
50-ml round-bottom flask equipped with a
stopcock sidearm and a rubber septum in-
jection port A water cooled condenser was
connected immediately above the reactor
The reactor temperature was maintained by
an o1l bath, and the reactor contents were
stirred by a magnetic stirrer

The reduction experiments were per-
formed by first placing a weighed quantity
of catalyst into the reactor flask The mass
of polymer-bound catalyst used was 3 254 g
except for the 3% DVB, 200-400 mesh cat-
alyst bead experiments at 50°C (0 947 g)
Homogeneous complex masses necessary
to produce a catalyst concentration of 1 00
mM were used in the homogeneous reduc-
tion experiments

Oxygen was purged from the system by
alternate vacuum/hydrogen flushes after
the reactor was attached to the hydrogena-
tion system Benzene (16 6 ml for the poly-
mer-bound, and 25 0 ml for the homoge-
neous reductions) was mtroduced into the
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reactor flask and the catalyst was stirred
under hydrogen for at least 1 hr The hydro-
gen buret was filled with hydrogen and the
reactor was brought to the required reac-
tion temperature

The reaction was mitiated by 1njecting a
substrate volume corresponding to a total
hydrogen uptake of 80 ml (measured at am-
bient conditions) The time at each 1 ml hy-
drogen volume interval was recorded as the
reaction proceeded to complete conver-
ston The polymer-bound catalysts main-
tamed activity, reaction rates reproduced
within 5%

A study was also performed to determine
the limiting rate of hydrogen dissolution
from the gas phase into the liquud phase
during reaction The limiting rate of hydro-
gen uptake for the system was 1 45 ml H,/
min All reduction rates were kept below
this limit

Materials The substrates were reagent
grade and purified before use as previously
noted The benzene solvent was spectro
grade The gases, hydrogen (99 999%) and
argon (99 999%) were UHP grade

The homogeneous complex, RhCI(PPh;);,
was purchased from Strem Chemicals, Inc
The 1 and 2% DVB chloromethylated beads
were obtained from the Sigma Chemical
Company The 3% DVB, 200-400 mesh
polymer beads were purchased from Bio-
Rad Laboratories The 3% DVB, 18-20
mesh polymer beads were donated by the
Dow Chemical Company

III MATHEMATICAL MODEL

In this section, a model 1s developed
which describes simultaneous mass trans-
fer and reaction in solvent-swollen, gel-
form polymer catalyst beads The reaction
was studied 1n a batch reactor of total vol-
ume Vg, which consists of a solvent-swol-
len catalyst bead phase and a surrounding
bulk phase The substrate diffuses from the
bulk phase (of volume V}) into the catalyst
beads (of volume V) as the reaction
proceeds

The matenal balance equation for radial
mass transfer and reaction within a spheri-
cal catalyst bead was written as,

ac 1 0 ( ac)

% _p L (2% _ (=

o Prg\ng) . M
where ¢ 1s the substrate concentration
within the swollen catalyst bead, and the
effecive diffusion coefficient, D, 1s con-
stant at low substrate concentrations (24)
The reaction rate term was written as (I3,
16),

Ac
(=ry) = 17 Be’ (2)
where
_ k’KHZCHZnRh
B 1+ KHZCHZ ’

B 1+ KH2CH2

€)

B (4)

The reaction rate per gram mole of bound
rhodium complex was defined as

,  Ac
(-r) = T+ Be’ (5)
where
A
A= ®)

The kinetic parameters are based on the
homogeneous rate expression because the
rate expression for polymer-bound Wilkin-
son’s catalyst has been shown (13, 16, 19)
to be of the same form This correspon-
dence suggested that the mechanism for
olefin hydrogenation over polymer-bound
Wilkinson’s catalyst 1s the same as the ho-
mogeneous complex The hydrogen con-
centration 1s assumed constant throughout
the catalyst bead since its diffusion coeffi-
cient 1n benzene 1s more than two times
greater than that for cyclohexene (28)

Equation (1) in dimensionless form was
written as,

ac*_la(zaé> Y
= PR Y178 @
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where
R =2 ®
Cbo
Dt
T=-, )
a= ql/3 Adry » (10)
r
AT
d=a [5] (Thiele modulus),
(12)
Bo =B Cbo (13)

The substrate concentration at the cata-
lyst surface was related to the surrounding
bulk phase concentration by the distribu-

tion factor, K, defined as
cla,n) = K ct) (14)

Equation (7) was solved with the imtial
conditions,

éR,0) = 0, (15)
¢(1,0) = K, (16)

and the boundary condition at the catalyst
bead surface,

adé(,T) _ 3&(1,T)

0=R<1,
R=1,

37 o7 R > 1=0.an
where
Vb
=, 18
« Vcata]yst K ( )
Vcatalyst =4q Vcatalyst,dry (19)

The boundary condition at the catalyst bead
surface arose from a material balance on
the substrate over the bulk phase, the rate
of loss of substrate from the bulk phase 1s
equal to the total flux into the catalyst
beads at any time T

The total substrate conversion within the
batch reactor, X, was defined 1n terms of
the total moles of substrate present in the
reactor at any time 7,

ny(T)

X(D=1—;;(-07,

(20)

where

n(7T) = moles substrate in bulk phase

+ moles of substrate n catalyst beads
(21

The corresponding substrate material bal-
ance for the batch reactor gave the total
rate of substrate conversion, viz

= vl an

. (R3+—1> I, c‘(R,T)RZdR}, 22)
where

_ VRCbO
YT 0

VR = Vcatalyst + Vb

(23)

(24)

The first term 1n the brackets of Eq (22)
corresponds to the moles of substrate in the
bulk phase and the second term corre-
sponds to the moles of substrate within the
catalyst beads The moles of substrate
within the beads were determined by inte-
grating the substrate concentration profile
over the bead volume at each time step
Equations (7) and (22) were solved numer-
cally using the explicit method

An ntrinsic reaction rate 1s reahzed
when the chemical reaction 1s rate imiting,
mmplying that the reactant concentration is
independent of radial position In the limt
that the substrate concentration within the
catalyst bead 1s uniform, the substrate ma-
terial balance for the batch reactor, Eq
(22), reduces to,

dX 1 dC'o
d C0) d
1 1
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where

i)

') =

(26)

Equation (25) was integrated to give
aK + 1
t-ew {-5 (%57
! ! 1
[C'()—C'(0)] — A (a T 1) t} 27)

Equations (25) and (26) represent the con-
version rate and conversion at time ¢ for an
intrinsic  polymer-bound reaction regime,
respectively

For a homogeneous complex catalyzed
reaction, the catalyst complex occupies the
entire solution volume, or V,, = 0, therefore
a = 0 The substrate partition factor, K, 1s
correspondingly unity Equation (25) re-
duces to

_C
c©o

X=1

X 1_dC'@
dt

C'0) dr

CoAc 1
=17 BCQ@ oy &P

which was integrated to give,

X=1 C'0)

=1 — exp{—BIC'(?1) — C'(0)] — A1} (29)

Equations (28) and (29) represent the con-
version rate and conversion for a homoge-
neous complex catalyzed reaction

IV RESULTS

A study was completed to determine tf
intraparticle substrate mass transport limi-
tations influenced the reaction rate for the
200-400 mesh catalyst beads Weisz (29)
has presented criteria which enable one to
estabhish the influence of intraparticle
transport limitations for nth-order hetero-
geneously catalyzed reactions His criteria
use experimentally measured parameters
reaction rate, catalyst reactant surface con-
centration, the effective diffusion coeffi-
cient, and the catalyst particle radius For
effectiveness factors greater than 95% (less
than 5% dewviation from a flat concentration
profile), the following criteria were given
for spherical catalyst particles

< 6 0 (zero order) (28a)

(—nd’
Wp = C. D < 0 6 (first order) (28b)
< 0 3 (second order) (28c)

The rate expression for olefin hydrogena-
tion, Eq (2), indicates that the reaction or-
der varies from zero order at high olefin
concentrations to first order at low olefin
concentrations The measured reaction rate
was fastest in the zero order regime, there-
fore, examination of the Weisz parameter,
W5, 1n the zero order reaction regime gives
the most conservative test for possible 1n-
traparticle transport limitations

Cyclohexene and cyclooctene hydroge-
nation rates were measured using the 200-
400 mesh catalysts at 25 and 50°C Imtial
rates were determined from the experimen-
tal data for these reactions In determining

the diffusion coefficients for the 200-400
mesh catalyst beads, the catalyst bead
swelling ratios were used 1n the correlation
developed 1n Ref 24, and are presented in
Table 2 Swollen particle radut were calcu-
lated based on a mean dry bead radius of
0 0028 cm These data and the correspond-
ing Weisz parameters calculated for the
200-400 mesh bead catalyzed reactions are
also presented i Table 2 In all cases, the
Weisz parameter was at least two orders of
magnitude less than the maximum criterion
given for the zero order case From these
results, it was concluded that the rate data
collected for the 200-400 mesh catalysts
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TABLE 2

Weisz Parameters for Polymer-Bound Reactions
over 200-400 Mesh Catalysts at Initial Conditions

Catalyst ~ Substrate  Reactor {)“ a [(—r)a’] b
%DVB tecmp (cm'/m:n) (cm)‘ Co D
(K& (x10°) (x10")

1 CHX¢ 250 224 378 00021
1 COE4 250 174 378 00023
2 CHX 250 402 334 0023
2 COE 250 313 334 0022
3 CHX 250 581 336 0019
3 COE 250 452 336 0017
3 CHX 500 S 81 336 0 060
3 COE 500 452 136 0051

@ Calculated using the correlation in Ref 24
b Weisz parameter (Wp)

¢ Cyclohexene

4 Cyclooctene

represented intrinsic polymer-bound reac-
tion rates

Intrinsic reaction rate parameters, A and
B, were calculated by computer fitting
(least-squares regression) Eq (27) to the
conversion versus time data for the 200-
400 mesh bead catalyzed reactions Figures
3 and 4 present the experimental and calcu-
lated curves for the reduction of cyclohex-
ene and cyclooctene at 25°C over the 200-
400 mesh, 3% DVB catalyst, respectively
The polymer-supported 1ntrinsic reaction
model, Eq (27), corresponded exactly to
the experimental data Intrinsic reaction
rate constants and intrinsic reaction model
parameters for the hydrogenation of cyclo-

T T T T T
10 —
= 08} -1
=4
2 Substrate CYCLOMEXENE
w 06 (016 M Initial) <
>
= Solvent BENZENE
3 Catalyst RhCI(PPh3ly on
04F 200 400 Mesh .
3% PS-DVB
T 250% P totm
oz o« Experimentel Point T
= Caiculated Curve
o] 1 1

L L 1
[ 40 80 120 160 200
TIME (min)

Fic 3 The conversion of cyclohexene versus time
N an Intrinsic reaction regime

hexene and cyclooctene over the 1, 2, and
3% DVB, 200-400 mesh catalyst beads are
presented in Table 3 The reaction rate con-
stants and 1nitial rates measured for the ho-
mogeneous complex catalyzed reactions
are presented in Table 4 for cyclohexene
and cyclooctene reduction at 25°C

The substrate distribution factors K, pre-
sented in Table 3, were calculated based on
an experimental study which concluded
that the substrate distributes umformly be-
tween the swollen-polymer and bulk phases
for low DVB-crosslinked polymers The
polymer structure should have the greatest
influence on partitioning of the substrate
Therefore, any thermodynamic partitioning
of the substrate due to the presence of
bound Rh and polymer-phosphine sites was
neglected because of the low metal and
phosphine loadings of the catalyst beads

The mmtial reduction rate of cyclooctene
relative to cyclohexene was calculated for
each 200-400 mesh catalyst and the homo-
geneous complex These results are pre-
sented in Table 5 The 200-400 mesh, 1%
DVB catalyst, which had the largest func-
tionalized swelling ratio, displayed a rela-
tive reduction rate similar to the homoge-
neous complex The 2 and 3% DVB,
200-400 mesh catalysts displayed lower rel-
ative reduction rates than the homogeneous
complex

Cyclohexene and cyclooctene were also

o8l .

Substrate CYCLOOCTENE
(016 M Initial}
Solvent BENZENE
Catalyst RACI{PPh3lzon _|
200 -400 Mesh
3% PS-DvVB

CONVERSION
o
o
T

o4l

ozl T 250C P 1atm B
s Experimental Point
— Colculated Curve
o} 4 1 1
0 40 80 120 160 200
TIME (min}

FiG 4 The conversion of cyclooctene versus time
1n an intrinsic reaction regime
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TABLE 3
Polymer-Bound, 200-400 Mesh Catalyst Intrinsic Rate Parameters and Imitial Rates
Catalyst Substrate Reactor K a A B A’ Initial
% DVB temp (mmn)~' (cm¥gmol) (min-gmol Rh)! rate
°C) (x107%) (x1072) gmol substrate
min-cm’-gmol Rh
(x103)
1 CHX¢ 250 0455 269 0214 529 213 152
1 COE? 250 0460 268 0268 821 2 66 129
2 CHX 250 0336 662 0461 709 475 173
2 COE 250 0339 662 0457 10 35 470 122
3 CHX 250 0346 622 0314 330 312 211
3 COE 250 0348 622 0352 641 348 140
3 CHX 500 0412 2383 0686 151 2329 779
3 COE 500 0415 2382 1825 10 26 61 97 493

9 Cyclohexene
b Cyclooctene

hydrogenated over the 18-20 mesh, 3%
DVB catalyst at 25 and 50°C Weisz param-
eters for these experiments are listed in Ta-
ble 6 The significance of the magnitudes of
the Weisz parameters will be discussed in
the next section

V DISCUSSION
Intrinsic Reaction Rate Studies

The polymer-supported complex was, mn
every case, less active than the homoge-
neous complex on a per gram mole rhodium
basis and at similar reaction conditions In
the zero order reaction regime, the ratio of
the homogeneous to the polymer-bound
rate varied between 27 and 37 for cyclohex-

TABLE 4

Homogeneous Complex Intrinsic Rate Parameters
and Initial Rates at 25°C

Substrate A B A Imtial
(min)~!  (cm3/gmol) (min-gmol Rh)~! rate
(x107% (x107%) gmol substrate
min-cm?® gmol Rh
(x10%)
CHX* 00737 422 28 41 56 48
COE®? 00242 12 933 4567

@ Cyclohexene
b Cyclooctene

ene hydrogenation at 25°C The polymer-
bound complex also displayed different 1m-
tial reduction rates of cyclooctene relative
to cyclohexene, compared to the homoge-
neous analog

It has been proposed that the reduced ac-
tivity and altered selectivity may be due to
mtraparticle substrate transport limitations
(8, 9, 11-16) The presence of dimers (22,
23) and/or multiply chelated rhodium (76,
20) may also be responsible for the reduced
activity In addition, the alteration 1n activ-
ity and selectivity may be related to the dif-
ferences 1n higand environment between the
homogeneous complex and the polymer-
supported catalyst Manassen and Dror

TABLE 5

Imtial Reduction Rates of Cyclooctene Relative to
Cyclohexene at 25°C

Imitial relative
rate

Catalyst support Catalyst bead
swelling ratio

(9)

Homogeneous complex — 081
1% DVB/200-400 mesh 251 085
2% DVB/200-400 mesh 173 071
3% DVB/200-400 mesh 177 0 66
3% DVB/18-20 mesh? 160 058

% Based on measured rate (not intrinsic activity)
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TABLE 6

Model Simulation Input Parameters and Weisz Parameters for the Hydrogenation of Cyclohexene and
Cyclooctene over 18-20 mesh, 3% DVB Catalyst Beads

Substrate Reaction a K a D A [} B, Wp
temp (cm) (cm?/min) (mun~")
O (x10%)
CHX* 50 827 0 301 0 0602 298 156 1378 22 39 16 6
COE?* 50 827 0303 0 0602 232 415 25 47 27 27 179
CHX 25 827 0301 0 0602 298 — — — 37
COE 25 827 0303 0 0602 232 — — — 35

9 Cyclohexene
b Cyclooctene

(10) report the effect on homogeneous ac-
tivity due to alteration of the substituents
on one of the phenyl rings of the triphenyl-
phosphine ligand They also reported the
effect of the P/Rh ratio on the activity of the
homogeneous complex (/0) The activity
decreased with P/Rh ratios greater than
2 2-2 3, but the degree of decrease was de-
pendent upon hgand structure The influ-
ence of intraparticle transport on the activ-
ity and selectivity of the polymer-bound
catalyst complex 1s discussed below

Activation energies for the 3% DVB,
200-400 mesh catalyst were estimated for
cyclohexene, 10 0 kcal/gmol, and for cy-
clooctene, 9 6 kcal/gmol, from nitial rate
data at 25 and 50°C The activation energy
for cyclohexene hydrogenation 1s consis-
tent with the value reported by De Croon
and Coenen (16) for a similar catalyst, 11 7
kcal/gmol (Polystyrene-2% DVB phos-
phinated 1n the same manner presented in
the Methods section, with a Rh loading of
8 82 wt% and a bead diameter of 0 46 um )
They found that the homogeneous complex
displays an activation energy of 22 kcal/
gmol for cyclohexene hydrogenation

In general, when the activation energy
decreases by a factor of two in heteroge-
neous systems, severe mass transfer limita-
tions are responsible (30) De Croon and
Coenen proposed that traparticle sub-
strate transport effects explained the large
apparent decrease 1n activation energy Us-

ing the data presented in their paper (16)
and accounting for differences in substrate
concentration and polymer bead metal
loading, we estimate a Weisz parameter of
order 107> A value of the effective diffu-
sion coefficient (24) was determined for this
calculation based on the functionalized
swelling ratio we determined from a similar
catalyst (D ~ 2 X 107> cm*mun) The value
of the Weisz parameter given above sug-
gests that De Croon and Coenen were also
observing intrinsic rate phenomena Since
we have determined that intraparticle sub-
strate transport limitations were negligible
for cyclohexene and cyclooctene within the
200-400 mesh catalysts studied, the activa-
tion energies we have calculated are intrin-
sic The present results and De Croon and
Coenen’s results demonstrate that the ac-
tivity of the polystyrene-supported com-
plex 1s inherently different than the homo-
geneous catalyst

Hydrogenation rates for cyclohexene and
cyclooctene were measured by Grubbs et
al (13) over RhCI(PPh;); supported on
100--200 mesh, polystyrene—2% DVB poly-
mer beads They reported a relative 1initial
rate of 0 39 for cyclooctene relative to cy-
clohexene They found a similar relative
rate of umty for the homogeneous complex
They proposed that the slower diffusion of
the larger substrate molecule (cyclooctene)
within the swollen polymer matrix was re-
sponsible for the lower relative rate of the
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bound catalyst compared to the homoge-
neous complex Based on data presented in
their paper (13), we estimate a Weisz pa-
rameter of order 102 for both cyclohexene
and cyclooctene hydrogenation over their
catalyst beads This calculation suggested
that Grubbs et al were also observing n-
trinsic polymer-supported reaction rates
under the conditions they studied Lower
relative reduction rates compared to the ho-
mogeneous complex may be due to altera-
tion of the ligand environment (9, 10) as
previously discussed, or to steric con-
straints imposed by the presence of the
polymer support 1n the vicinty of active
rhodium

Our studies also indicated a lower reduc-
tion rate of cyclooctene relative to cyclo-
hexene for the 2 and 3% DVB, 200-400
mesh catalysts compared to the corre-
sponding homogeneous relative rate Al-
though 1t may be inappropriate to compare
relative rates between the homogeneous
and polymer-supported complex, relative
reduction rates for polymer-supported cata-
lysts may be compared since the rhodium
complexes are in similar higand environ-
ments A greater polymer chan density
would be expected to increase steric con-
straints due to increased crowding in the
vicimity of the bound complex sites The
polymer chain density increases as the
functionalized swelling ratio decreases
The relative rate for the 1% DVB, 200-400
mesh catalyst was greater than either the 2
or 3% DVB, 200-400 mesh catalysts, which
displayed similar relative rates and func-
tionalized swelling ratios The swelling ra-
tio of the 1% DVB catalyst was greater than
etther the 2 or 3% DVB catalysts These
results indicate that the intrinsic activity of
polymer-bound catalysts 1s related to the
functionalized swelling ratio

The bead swelling ratio, g, was found to
decrease upon fixation of the rhodium com-
plex as shown in Table 1 Since the swelling
ratio decreased relative to the unfunctiona-
hized polymer, the rhodium complex within
the catalyst beads may be 1n a dimer form

(22, 23), or attached to the polymer
through more than one polymer—phosphine
higand (76, 20) The observed decrease 1n
activity of the polymer-bound complex
compared to the homogeneous complex
may be due to the substantial presence of
these complex forms

In order to investigate the nature of the
polymer-bound complex, the elemental
analyses, Table 1, were used to estimate
the mole ratio of triphenylphosphine to rho-
dium, PPh;/Rh, for each of the 200-400
mesh catalysts The ratios were calculated
by assuming that the number of polymer—
phosphine groups per gram of polymer sup-
port remained constant after the catalyst
was attached to the phosphinated polymer
The PPh;/Rh ratios determined by this pro-
cedure produced an average of 018 =
0 003 The mole ratio of total phosphorus to
rhodium, P/Rh, was in the range of 3 0-3 5
for these three catalysts

Reed et al (22) observed a dimeric struc-
ture for RhCI(PPh;); bound to 2% polysty-
rene-DVB functionalized with the same
polymer—phosphine structure used mn this
study The dimer had one triphenylphos-
phine and one polymer—phosphine per rho-
dwum atom If the rhodium complex 1s pri-
marily in the dimer form, a PPh;/Rh ratio
near unity would be observed The mono-
nuclear complex 1s expected to have three
phosphine higands (19) The fact that the
observed PPh;/Rh ratio was less than unity
for each polymer-bound catalyst suggests
that a substantial number of rhodium com-
plexes are bound to the polymer through
more than one polymer—phosphine hgand

The mitial reduction rate per gram mole
of polymer-bound rhodium complex was
found 1n general to increase as the divinyl-
benzene content of the 200—400 mesh, poly-
styrene—-DVB polymer support increased
Lower polymer crosslink densities produce
a more mobile structure in the solvent-
swollen state If complex dimerization or
multiple chelation of the rhodium complex
to the polymer support resuits in nactive,
or less active rhodium, a more mobile poly-
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mer structure would facilitate their forma-
tion Therefore, higher polymer crosslink
densities should produce somewhat more
1solated complex coordination sites This
effect, 1n addition to the effect of increasing
solvent-swollen structure nigidity with 1n-
creasing polymer DVB content, may ex-
plain the observed increase 1n activity with
mcreasing polymer DVB content

Intraparticle Mass Transfer Effects

The mathematical hydrogenation model
was developed to describe simultaneous
diffusion and reaction 1n a gel-form, poly-
mer-bound rhodium catalyst Development
of the model revealed the physical and
chemical vanables needed to predict poly-
mer-bound catalyst activity The parame-
ters needed to characterize this reaction
system include the effective diffusion coeffi-
cient, D, the substrate partition factor, K,
and the intrinsic rate parameters, A and B
These parameters were measured indepen-
dently and were used in the model to pre-
dict the observed substrate conversion rate
for an intraparticle mass transfer influenced
reaction

In order to apply the model, a catalyst
support and reaction regime were chosen
such that substrate transport limitations
would influence the reaction rate Wilkin-
son’s catalyst was attached to large diame-
ter polystyrene-DVB beads, 18-20 mesh,
3% DVB A reaction temperature of 50°C
was chosen because 1t resulted in a rela-
tively fast reaction rate without introducing
further complications such as severe sol-
vent loss from the liqud phase (bp benzene
at 1 atm = 80°C)

The dependence of the diffusion coeffi-
cients on the polymer swelling ratio demon-
strated that the crosslinked polymer net-
work acted as a physical obstruction to
solute transport (24) In determining diffu-
sion coefficients for the catalyst beads, the
suggested presence of dimers or multiple
polymer--phosphine chelation was assumed
to act as further crosshnking agents The

catalyst bead swelling ratio was used to cal-
culate the effective diffusion coefficients
for the 18-20 mesh catalyst simulations at
25°C Since the activation energy for diffu-
ston 1s low (31), the diffusion coefficients
calculated at 25°C were assumed the same
at 50°C The numerical values calculated
for the diffusion coefficients are presented
in Table 6 Substrate distribution factors,
K, were calculated for the 18-20 mesh cata-
lyst based on umform substrate distribu-
tion, as previously discussed, and are also
presented 1n Table 6

Examination of the Weisz parameter for
the 18-20 mesh catalyst hydrogenations
(Table 6) revealed that the reaction rate was
influenced by intraparticle substrate mass
transfer between 25 and 50°C Although the
Weisz parameters calculated for a reaction
temperature of 25°C were less than six (3 7
for cyclohexene and 3 5 for cyclooctene),
Butt (32) recommends that marginal satis-
faction Weisz’s criteria not be used He
recommends that Weisz’s criteria be satis-
fied by at least an order of magnitude in
order to be certain that intraparticle trans-
port effects are negligible compared to the
itrinsic reaction rate For this reason, the
rate data collected for the 18-20 mesh cata-
lyst hydrogenations could not be used to
determine Intrinsic reaction rate parame-
ters In addition, mechanical reduction of
the 18-20 mesh catalyst beads was not pos-
sible due to the high elasticity of the low
DVB-crosslinked polymer The highly air
sensitive nature of the polymer-supported
catalyst prevented bead size reduction by
other means

Intrinsic activity was shown earlier to be
related to the polymer support DVB con-
tent The intrinsic reaction rate parameters,
A and B, for the 3% DVB, 18-20 mesh cata-
lyst simulations were determined from the
3% DVB, 200-400 mesh catalyst reaction
data Both catalysts were synthesized using
identical procedures, and reaction rate pa-
rameters were determined under the same
reaction conditions The 18-20 mesh, 3%
DVB catalyst had a larger total P/Rh ratio
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Fic 5 The conversion of cyclohexene versus time
over the 18-20 mesh catalyst beads

than the 3% DVB, 200-400 mesh catalyst
It was not possible to adjust the intrinsic
rate constants for the different P/Rh ratios,
nor determine the magnitude of the effect,
if any However, the rate parameter A,
which contains the effective number of ac-
tive sites per gram of catalyst, was cor-
rected for the difference in rhodium load-
ings The parameter, B, was assumed to be
the same for both catalysts since 1t contains
only equilibrium constants (Eq (4))

The numerical values of the physical and
chemical parameters used to simulate the
performance of the 18-20 mesh, 3% DVB
catalyst for hydrogenation of cyclohexene
and cyclooctene at 50°C are listed in Table
6 The predicted curve of conversion ver-
sus time and the expernimental data are pre-
sented 1n Fig § for cyclohexene, and in Fig
6 for cyclooctene

The mathematical model predicted the
experimental data for the hydrogenation of
cyclohexene This correspondence infers
that the controlling physical and chemical
variables needed to characterize simulta-
neous mass transfer and reaction for this
catalyst system were properly identified
and measured An effectiveness factor of
0 43 was calculated at zero time, and a
Weisz parameter of 16 6 was calculated
These results indicate that intraparticle

mass transport influenced the reaction rate
for this catalyst under these reaction condi-
tions

The intrinsic rate parameters described
the intrinsic activity of the 18-20 mesh cat-
alyst for cyclohexene reduction The differ-
ence 1n the functionalized swelling ratios
and the total P/Rh between the 200-400 and
18-20 mesh, 3% DVB catalysts did not
have a significant effect on intrinsic activity
for cyclohexene as a substrate This could
be due to the fact that the total P/Rh ratio
includes uncoordinated polymer—phos-
phine

Application of the intrinsic reaction rate
parameters determined from cyclooctene
hydrogenation data over the 200-400 mesh,
3% DVB catalyst in the mathematical
model predicted a reaction rate higher than
that observed The functionalized swelling
ratio for the 200—-400 mesh, 3% DVB cata-
lyst was greater than the 18-20 mesh cata-
lyst As previously discussed, the steric
hindrance effects of the polymer network
on catalyst activity increase with decreas-
ing functionalized swelling ratios This ef-
fect should become more apparent for
larger substrate molecular sizes Therefore,
the intrinsic rate parameters calculated
from the 200-400 mesh, 3% DVB catalyst
reductions, may have overestimated the in-
trinsic reaction rate for cyclooctene reduc-
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tion over the 18-20 mesh, 3% DVB catalyst
beads

A study was completed to determine if
the discrepancy between the experimental
data and the predicted curve for cyclooc-
tene was in fact due to difficulties in extrap-
olating the intrinsic rate parameter, A, de-
termined from the 200-400 mesh, 3% DVB
catalyst to the 18-20 mesh catalyst Van-
ous values of A were inserted into the math-
ematical hydrogenation model until an opti-
mum fit to the experimental data was
achieved This optimum fit occurred for a
value of A equal to 1 27 min™!

The overprediction of the reaction rate
for cyclooctene was also studied to deter-
mune if 1t was related to errors 1n the effec-
tive diffusion coefficient A value of the dif-
fusion coefficient which corresponded to
the maximum relative uncertainty in the
diffusion coefficient (12%) was nserted into
the mathematical hydrogenation model
The predicted reaction rate was neghgibly
reduced (5%) using this lower value for the
diffusion coefficient

The calculated curve of cyclooctene con-
version versus time using a value of A equal
to 1 27 min~! and the experimental data are
presented mn Fig 7 The hydrogenation
model corresponded precisely to the exper-
imental data when this value of the rate pa-
rameter, A, was inserted into the model
with all other varniables unchanged The
mathematical model, Eq (22), 1s therefore

consistent with the experimentally ob-
served reaction rate when intraparticle
mass transport effects are present Ideally,
the intrinsic activity should be determined
using fine-mesh catalyst beads which are
physically and chemically i1dentical to the
large diameter catalyst beads

The prediction of ntraparticle mass
transport limitations within a gel-form, or
microporous polymer-supported catalyst
system 1s consistent with the effective dif-
fusion model presented 1n our earlier paper
(24) A mmmmum number of varnables are
needed to characterize the activity of the
polymer-supported catalyst system, and
may be determined independently This
feature should allow the approach used
herein to be apphed to other gel-form, poly-
mer-supported catalyst systems

SUMMARY

A mathematical model was developed
and used to mvestigate simultaneous mass
transfer and reaction within a polystyrene—
DVB supported rhodium catalyst Develop-
ment of the model revealed the physical
and chemical variables needed to charac-
terize this catalyst system These variables
include the effective diffusion coefficient of
the substrate, a partition factor which re-
lates the thermodynamic partitioning of the
substrate between the solvent-swollen cata-
lyst bead and the bulk phase, and the intrin-
sic reaction rate parameters needed 1n the
kinetic expression

The substantial activity decrease ob-
served upon attachment of RhCI(PPh;); to
polystyrene—DVB was not due to intrapar-
ticle mass transport limitations Changes n
the rate of cyclooctene reduction relative to
cyclohexene are not caused by differences
n intraparticle diffusion rates The selectiv-
1ty of the polymer-bound catalyst complex
appears to be related to the swelling ratio
implying that steric constraints due to the
presence of the polymer support 1n the vi-
cmuty of active rhodium affect activity The
mtrinsic polymer-bound activity was found
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to increase with polymer crosslink density
An observed decrease in the swelling ratio
upon catalyst attachment, and calculations
of the ratio of triphenylphosphine to rho-
dwum, indicated multiple polymer—phos-
phine chelation The presence of multiply
chelated rhodium may account for the
lower activity relative to the homogeneous

complex

B,

c(r,n

CbO
cv(?)

CH2

¢R,T)

0

NOMENCLATURE

Solvent-swollen catalyst bead
radus (cm)

Dry catalyst bead radius (cm)
Intrinsic reaction rate param-
eter (min™1)

Intrinsic reaction rate param-
eter per gram mole Rh (min~!
gmol Rh™)

Intrinsic reaction rate param-
eter (cm3/gmol)

Intrinsic reaction rate param-
eter (dimensionless)
Substrate concentration
within solvent-swollen cata-
lyst bead (gmol/cm?)

Initial bulk phase substrate
concentration (gmol/cm?)
Bulk phase substrate concen-
tration (gmol/cm?)

Hydrogen concentration
(gmol/cm)

Dimensionless substrate con-
centration within solvent-
swollen catalyst bead
Superficial substrate concen-
tration within total reactor
volume (gmol/cm?)

Effective substrate diffusion
coefficient (cm?/mn)

Rate constant (mun~")
Substrate partition (distribu-
tion) factor (dimensionless)
Equilibrium constant, hydro-
gen (cm?/gmol)

Equilibrium constant, sub-
strate (cm*/gmol)

Total moles of polymer-bound
rhodium (gmol)

ny(T)

T
Vy
Vcatalyst

Vcatalyst,dry

Vr
We

X

Total moles of substrate
within reactor (gmol)

Bead swelling ratio (swollen
vol/dry bead vol)(dimension-
less)

Radial coordinate (cm)
Reaction rate (gmol substrate/
min-cm? catalyst)

Reaction rate (gmol substrate/
min-cm?)

Reaction rate per mole of
polymer-bound rhodium
(gmol substrate/min-cm3-gmol
Rh)

Dimensionless radial coordi-
nate

Time (min)

Dimensionless time

Bulk phase volume (cm?)
Total solvent-swollen catalyst
volume (cm?)

Total dry catalyst volume
(cm’)

Total reactor volume (cm?)
Weisz parameter defined by
Eq (28) (dimensionless)
Substrate conversion (dimen-
sionless)

Parameter defined by Eq (18)
(dimensionless)

Parameter defined by Eq (23)
(dimensionless)

Thiele modulus (dimension-
less)

ACKNOWLEDGMENT

This work was supported by the Dow Chemical
Company, Midland, MI

REFERENCES

1 Murrell, L L ,n ‘‘Advanced Maternials in Cataly-
s1s”’ (J J Burton, and R L Garten, Eds ) Aca-
demic Press, New York, 1977

2 Yermakov, Y 1, Catr Rev-Sci Eng 13, 77

(1976)

3 Pittman, C U, and Evans, G O, CHEMTECH
Sept , 560 (1973)

4 Hememann, H , CHEMTECH May, 286 (1971)

5 Bailer,] C,Jr,Cat Rev-Sci Eng 10,17 (1974)



10

11

12

13

14

15

16

17

18

19

MASS TRANSPORT EFFECT ON BOUND COMPLEXES

‘‘Polymer-supported Reactions m Organic Syn-
thesis” (P Hodge and D C Shernngton, Eds )
John Wiley, New York, 1980

Collman, J P, and Hegedus, L S, ‘‘Principles
and Applications of Organotransition Metal
Chemustry > University Science Books Mill Val-
ley, Cahfornia, 1980

Ciardelli, F , Braca, G, Carhm1 C , Sbrana G
and Velentini, G , J Mol Catal 14,1 (1982)
Strukul, G , D’Olimpio, P , Bonevento, N , Pinna,
F ,and Graziam, M ,J Mol Catal 2,179 (1977)
Manassen, J , and Dror, Y ,J Mol Catal 3,227
(1977/78)

Pittman, C U, Smith, L. R, and Hanes, R M,
J Amer Chem Soc 97, 1742 (1975)

Grubbs, R H,and Kroll, L C ,J Amer Chem
Soc 93, 3062 (1971)

Grubbs,R H,Kroll, L C,and Sweet, E M J
Macromol Sci -Chem A7, 1047 (1973)

Gayot, A, Grallat, CH, and Bartholin, M, J
Mol Catal 3, 39 (1977/78)

Whitehurst, D D, CHEMTECH January, 44
(1980)

De Croon,M H J M, and Coenen,J] W E ,J
Mol Catal 11, 301 (1981)

Dooley, K M , Wilhams, J A, Gates, B C, and
Albright, R L ,J Catal 74, 361 (1982)

Diemer, J , R B, Dooley, K M, Gates, B C,
and Albright, R L ,J Catal 74, 373 (1982)
Osborn, J A, Jardine, F H, Young,J F, and
Wilkinson, G , J Chem Soc (A), 1711 (1966)

20

21

22

23

24

25

26
27

28

29
30

31

32

47

Grubbs, R H , Gibbons, C , Kroll, L C , Bonds,
W D, and Brubaker, C H ,J Amer Chem Soc
95, 2373 (1973)

Grubbs, R H ., and Sweet, E M ,J Mol Catal
3, 259 (1977/78)

Reed J Eisenberger, P Teo, B K and Kin-
cad, B M J Amer Chem Soc 99, 5217
977

Reed, J , Eisenberger P, Teo, B K, and Kin-
cad, B M, J Amer Chem Soc 100, 2375
(1978)

Roucis, J B, and Ekerdt, ] G J Appl Polym
Sci 27, 3841 (1982)

Mackie, J S, and Meares, P, Proc Roy Soc
London A232, 498 (1955)

Meares, P, J Polym Sct 20, 507 (1956)

Relles, H M, and Schluenz, R W, J Amer
Chem Soc 96, 6469 (1974)

Reid, R C, Prausnmitz, J M, and Sherwood, T
K n “*The Properties of Gases and Liquds
McGraw-Hill, New York, 1977

Weisz, P B Z Phys Chem NF 11,1 (1957)
Petersen, E E , in ‘Chemical Reaction Analy-
sis *’ Prentice Hall, Englewood Cliffs, New Jer-
sey, 1965

Muhr, A H, and Blanshard, ] M V|, Polymer
23, 1012 (1982)

Butt, J B, in ‘‘Reaction Kinetics and Reactor

Design ’ Prentice Hall, Englewood Cliffs, New
Jersey, 1980



