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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 SOY, 1 atm 
hydrogen pressure, over RhCl(PPh,)4 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 (Z-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, 20); steric con- 

straints imposed by the presence of the 
polymer structure in the vicinity of the at- 
tached complex (8, IO, II); reduced activ- 
ity due to the thermodynamic exclusion of 
reactant molecules from the solvent-swol- 
len polymer support phase (14); 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 mtrapartlcle substrate transport m- 
fluences the actlvlty and selectlvlty of a 
transitlon metal complex catalyst sup- 
ported on a gel-form, or mlcroporous resin 
crosslmked polymer An mtrmslc polymer- 
supported reaction regime 1s established, 
and kmetlc rate parameters are determined 
The mtnnslc rate parameters are mcorpo- 
rated mto a mathematical model to describe 
and predict reactlon rates under condltlons 
where mtrapartlcle substrate transport af- 
fects the measured rate 

Wllkmson’s catalyst, RhCl(PPh3)j, IS ac- 
tlve for the hydrogenation of olefins at mild 
condltlons (19) This complex has been at- 
tached to gel-form, polystyrene-dlvmylben- 
zene (DVB) polymer beads (12), and was 
selected as the model system for our study 
The polymer-bound complex retains many 
features of the homogeneous complex, but 
alterations m actlvlty and selectlvlty 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 actlvlty and altered selectlvlty have 
been attnbuted to mtrapartlcle substrate 
mass transfer effects (8, 9, 11-16) In addl- 
tlon, the presence of dlmers (22, 23) and/or 
multlply chelated rhodium (16, 20) may be 
responsible for the reduced actlvlty 

Grubbs et al (13) measured olefin hydro- 
genation rates m benzene solution over 
RhCl(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- 
mg hydrogenation rates for the homoge- 
neous complex at 2 5 mM RhCl(PPh& con- 
centrations They observed a decrease m 
activity for the polymer-bound versus the 
homogeneous catalyst complex The magm- 
tude of the decrease m 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- 
spondmg homogeneous rate relative to 
cyclohexene They proposed that the 
alteration m selectlvlty (decreasing relative 

rate with increasing olefin molecular size) 
and the decrease m actlvlty for the poly- 
mer-bound complex was due to diffusional 
restnctlons wlthm the swollen polymer ma- 
trlx 

The present mvestlgatlon requu-ed nu- 
mencal values for effective substrate dlffu- 
slon 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 wlthm benzene-swollen, polysty- 
rene-DVB beads m the absence of cheml- 
cal reactlon (24) The substrate’s dlffuslon 
coefficient within the polymer relative to 
pure solvent, DID,, , was correlated with the 
volume fraction of polymer A correlating 
curve was established for three cychc hy- 
drocarbons and polymer crosslmk densl- 
ties, and was Interpreted m 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 Wdkmson’s catalyst, 
RhCl(PPh& , was attached to gel-form, 
polystyrene-(DVB) polymer beads slmdar 
to the method employed by Grubbs and co- 
workers (23, 21) Polymer beads which 
were not previously chloromethylated were 
washed pnor to chloromethylatlon to re- 
move surface lmpurltles (27) The catalyst 
beads were prepared by chloromethylatmg 
the polymer beads with chloromethyl 
methyl ether (caution high toxicity, poten- 
tial carcinogen) The chloromethylated 
polystyrene-DVB was phosphmated by 
treatment with hthlo-dlphenylphosphme 
The rhodium complex was attached to the 
phosphmated beads by equdlbratlon with 
Wllkmson’s catalyst for at least 5 days 
This equlhbratlon time should result m um- 
form dlstnbutlon of Rh (21) All operations 
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FIG 1 Expenmental system schematlc 1, Hydrogen buret 011 reservoir, 2, hydrogen buret (100 ml), 
3, reactor condenser, 4, gas bubbler vent, 5, hydrogen punfier, 6, gas dner, 7, inert mamfold, 8, gas 
hqmd mtrogen trap, 9, vacuum gauge 

were performed under argon using the inert 
gas mamfold shown m Fig 1 Liquid trans- 
fer operations were done using syringe 
techniques All solvents and reagents were 
deoxygenated prior to use 

Three 200-400 mesh catalyst beads were 
prepared with crosslmk densities of 1, 2, 
and 3% DVB An 18-20 mesh, 3% DVB 
catalyst was also prepared The elemental 
analyses of the phosphmated and catalyst 
beads as performed by Galbralth Laborato- 
nes are presented m Table 1 

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

len bead volume to the dry bead volume, 
were determined for the unfunctlonahzed 
polymer beads and the catalyst beds ac- 
cording to the procedure used by Roucls 
and Ekerdt (24) These results are pre- 
sented m Table 1 It was noted that the 
swelling ratio decreased upon attachment 
of the rhodium complex relative to the un- 
functlonahzed 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 m 
the hydrogenation studies, approximately 

TABLE 1 

Polymer-Bound Catalyst Physlcal Propertles 

% DVB Mesh size wt% P wt% Cl wt% Rh qpalystyre,,-DvB qcamlyst 

1 200-400” 
200-400 

2 200-400” 
200-400 

3 200-400” 
200-400 

3 18-20” 
18-20 

2 82 0 073 - - - 
285 - 3 18 6 30 2 51 
3 24 020 - - - 
321 - 3 07 4 03 1 73 
2 96 022 - - - 
295 - 3 20 3 22 1 77 
3 07 082 - - - 
283 - 2 12 3 11 160 

(1 Analysis of phosphmated polystyrene-DVB pnor to complex attachment 
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FIG 2 Reactor detail 1, Reactor flask, 2, InJectIon/ 
GC samphng port, 3, constant temperature controller, 
4, bath thermometer, 5, bath stirrer, 6, constant tem- 
perature bath (011 filled), 7, bath coohng cod, 8, mag- 
netlc stirrer (for reactor flask), 9, reactor condenser 

0 16 M mltlally, the catalyst bead swellmg 
ratios m the presence of substrate were the 
same as m the pure benzene solvent 

The dry bead density and radius of the 
18-20 mesh, 3% DVB catalyst beads were 
determined experimentally A weighed 
quantity of catalyst beads was placed m a 
graduated cylinder and the total bed vol- 
ume noted The dry catalyst bead density, 
1 07 g/cm3, was then calculated assuming a 
bed void fraction of 0 44 determined from 
the unfunctlonahzed polymer beads A dry 
catalyst bead radius, 0 0515 -+ 0 0096 cm, 
was determmed by photographing bead 
samples under a microscope Slmllarly, a 
dry bead radius of 0 0480 + 0 0062 cm was 
determined for the unfunctlonahzed 18-20 
mesh, 3% DVB polymer beads 

Partltlon factors were determined expen- 
mentally for the 1,2, and 3% DVB, 200-400 
mesh unfiinctlonahzed beads over the 
range of substrate concentrations used m 
the hydrogenation studies The substrate 
partltlon factor, K, IS defined as the ratio of 
the eqmhbrmm substrate concentration m 
the solvent-swollen polymer beads to the 
substrate concentration m the bulk phase 
(the solution external to the beads) A 
weighed quantity of polymer beads was 

placed m a 50-ml round-bottom flask such 
that a total swollen bead volume of 23 0 ml 
resulted after the mtroductlon of 35 0 ml of 
benzene solvent Cyclohexene was then m- 
traduced mto the stirred mixture m mcre- 
ments of 0 27 ml until a total of 1 63 x lo-’ 
gmol was injected The bulk phase compo- 
sition was determined after each mjectlon 
using a gas chromatograph 

Hydrogenation procedure The gas mam- 
fold (Fig l), allowed manipulation of the 
catalysts under an mert atmosphere Hy- 
drogen was provided to the reactor system 
by first passing through a Matheson Deoxo 
filter to remove oxygen Impuntles, and then 
through a Matheson Model 460 filter to re- 
move moisture Argon was slmllarly purl- 
fied to remove moisture before entermg the 
mert gas mamfold The benzene solvent 
and substrates were drstllled over sodium 
under argon prior to use 

The hydrogenation experiments were 
performed m the reactor system displayed 
m Fig 1 at 1 atm hydrogen pressure (1 atm 
equals 101 3 kPa) The reactor detad 1s pre- 
sented m Fig 2 The reactor consisted of a 
50-ml round-bottom flask equipped with a 
stopcock sidearm and a rubber septum m- 
Jectlon port A water cooled condenser was 
connected lmmedlately above the reactor 
The reactor temperature was mamtamed by 
an 011 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 mto 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 expenments at 50°C (0 947 g) 
Homogeneous complex masses necessary 
to produce a catalyst concentration of 1 00 
mM were used m 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 Introduced mto 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 mltlated by injecting a 
substrate volume correspondmg to a total 
hydrogen uptake of 80 ml (measured at am- 
blent condltlons) The time at each 1 ml hy- 
drogen volume mterval was recorded as the 
reaction proceeded to complete conver- 
slon The polymer-bound catalysts mam- 
tamed activity, reaction rates reproduced 
wlthm 5% 

A study was also performed to determine 
the hmltmg rate of hydrogen drssolutlon 
from the gas phase mto the liquid phase 
durmg reactlon The hmltmg rate of hydro- 
gen uptake for the system was 1 45 ml HZ/ 
mm All reduction rates were kept below 
this hmlt 

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

The homogeneous complex, RhCl(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 Laboratones 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 m solvent-swollen, gel- 
form polymer catalyst beads The reaction 
was studied m a batch reactor of total vol- 
ume V,, which consists of a solvent-swol- 
len catalyst bead phase and a surroundmg 
bulk phase The substrate diffuses from the 
bulk phase (of volume Vb) mto the catalyst 
beads (of volume Vcatdyst) as the reaction 
proceeds 

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

g = D ; $ (r2 $) - (-r,), (1) 

where c 1s the substrate concentration 
wlthm the swollen catalyst bead, and the 
effective diffusion coefficient, D, 1s con- 
stant at low substrate concentrations (24) 
The reaction rate term was written as (13, 
I@, 

C--r,) = &g 
where 

k’ KHzcH$kh 

A = 1 + KH~CH~ ’ 

’ = 1 + KH~CH* 

The reaction rate per gram mole 
rhodium complex was defined as 

C--r,)’ = f&Y 
where 

A’=-& 

(2) 

(3) 

(4) 

of bound 

(5) 

(6) 

The kmetlc parameters are based on the 
homogeneous rate expression because the 
rate expression for polymer-bound Wdkm- 
son’s catalyst has been shown (13, 26, 29) 
to be of the same form This correspon- 
dence suggested that the mechanism for 
olefin hydrogenation over polymer-bound 
Wdkmson’s catalyst IS the same as the ho- 
mogeneous complex The hydrogen con- 
centration 1s assumed constant throughout 
the catalyst bead since its dlffuslon coeffi- 
cient m benzene IS more than two times 
greater than that for cyclohexene (28) 

Equation (1) m dlmenslonless form was 
wntten as, 

ae la n 

( 1 

n 

aT=R2z 
R2j$ -Q2&, (7) 

0 



MASS TRANSPORT EFFECT ON BOUND COMPLEXES 37 

where 

c(r4 
NG’l = 7, 

0 

T=!$ 9 

a = q ‘I3 adry , 

R=b, 

@ = a [$I”* 

(8) 

(9) 

W-8 

(11) 

& = B cbo 

(Thlele modulus), 

(12) 

(13) 

The substrate concentration at the cata- 
lyst surface was related to the surroundmg 
bulk phase concentration by the dlstnbu- 
tlon factor, K, defined as 

c(a,t> = K cb(t) (14) 

Equation (7) was solved with the mltlal 
condltlons , 

e(R,O) = 0, 01R<l, (15) 

@l,O> = K, R = 1, (16) 

and the boundary condltlon at the catalyst 
bead surface, 

(Y CV(l,T) acn(l,T) --=-- 
3 aT aR ’ 

T 2 0, (17) 

where 

vb 
CX= 

V K’ (18) 
catalyst 

V catalyst = 4 Vcatalyst,dry (19) 

The boundary condltlon 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 mto the catalyst 
beads at any time T 

The total substrate conversion wlthm the 
batch reactor, X, was defined m terms of 
the total moles of substrate present m the 
reactor at any time T, 

n,(T> 
X(T)= 1 -g-@p (20) 

s 

where 

n,( 7’) = moles substrate m bulk phase 
+ moles of substrate m catalyst beads 

(21) 

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

dX 
dT= -YdT d [(&) N,T) 

+ (A) 1; f(R, T)R2dR), (22) 

where 

VRCbo 

y = n,(O) ’ 
(23) 

VR = Vcatalyst + vb (24) 

The first term m the brackets of Eq (22) 
corresponds to the moles of substrate m 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 mte- 
grating the substrate concentration profile 
over the bead volume at each time step 
Equations (7) and (22) were solved numen- 
tally using the explicit method 

An mtrmslc reaction rate 1s realized 
when the chemical reaction 1s rate hmltmg, 
lmplymg that the reactant concentration IS 
independent of radial posltlon In the hmlt 
that the substrate concentration within the 
catalyst bead 1s uniform, the substrate ma- 
tenal balance for the batch reactor, Eq 
(22), reduces to, 

dX 1 dC’(t) 
dt= 

--- 
C’(0) dt 

A (A) C’(t) 1 
= - (25) 

1 + B (9) c’(t) “(O)’ 
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where 

C’(t) = 2 

Equation (25) was integrated to give 

C’(t) 
x=1-c’(D)= 1 - exp [-B ($$) 

[C’(t) - C’(O)1 - A (A) t} (27) 

Equations (25) and (26) represent the con- 
version rate and conversion at time t for an 
mtrmslc polymer-bound reactlon regime, 
respectively 

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

dx 1 dC’(t) -=--- 
dt C’(0) dt 

AC’(t) 1 
= 1 + K’(t) C’(0)’ (28) 

which was integrated to give, 

C’(t) 
x=1-c’(0) 

= 1 - exp{-B[C’(t) - C’(O)] - At} (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 rf 
mtrapartlcle substrate mass transport hml- 
tatlons influenced the reactlon rate for the 
200-400 mesh catalyst beads Welsz (29) 
has presented criteria which enable one to 
establish the influence of mtrapartlcle 
transport hmltatlons for &h-order hetero- 
geneously catalyzed reactions HIS criteria 
use experimentally measured parameters 
reactlon 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% deviation from a flat concentration 
profile), the followmg criteria were given 
for spherical catalyst particles 

< 6 0 (zero order) 

< 0 6 (first order) 

< 0 3 (second order) 

@a) 

(28b) 

G’W 

The rate expression for olefin hydrogena- 
tion, Eq (2), mdlcates that the reactlon or- 
der varies from zero order at high olefin 
concentrations to first order at low olefin 
concentrations The measured reaction rate 
was fastest m the zero order regime, there- 
fore, exammatlon of the Welsz parameter, 
W,, m the zero order reaction regime gives 
the most conservative test for possible m- 
trapartlcle transport limitations 

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

the dlffuslon coefficients for the 200-400 
mesh catalyst beads, the catalyst bead 
swelling ratios were used m the correlation 
developed m Ref 24, and are presented m 
Table 2 Swollen particle radu were calcu- 
lated based on a mean dry bead radms of 
0 0028 cm These data and the correspond- 
mg Welsz parameters calculated for the 
200-400 mesh bead catalyzed reactions are 
also presented m Table 2 In all cases, the 
Welsz 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 

Welsz Parameters for Polymer-Bound Reactions 
over 200-400 Mesh Catalysts at Imtlal Condltlons 

Catalyst Substrate Reactor D” 
%DVB temp (cm’imm) 

(“C) (X10’) 

I CHX’ 25 0 224 3 78 0 CKJZI 
I COE* 25 0 174 3 78 00023 
2 CHX 2s 0 4 02 3 34 0 023 
2 COE 25 0 7 13 3 34 0 022 
3 CHX 25 0 5 81 3 36 0 019 
3 COE 2s 0 4 52 3 36 0 017 

3 CHX 50 0 5 81 3 36 0060 
3 COE 50 0 4 52 -i 36 0 051 

’ Calculated “stn~ the correldtmn I” Ref 24 
b Was2 parameter ( Wpl 
’ Cyclohexene 
lf Cyclooctene 

represented mtrmslc polymer-bound reac- 
tion rates 

Intrmslc 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 mtrmslc reaction 
model, Eq (27), corresponded exactly to 
the experimental data Intrmslc reaction 
rate constants and mtrmslc reaction model 
parameters for the hydrogenation of cyclo- 

Substrate CYCLOHEXENE Substrate CYCLOHEXENE 
6 I016 M lnItl(1ll - I016 M lnItl(1ll 

Solvent BENZENE Solvent BENZENE 
Catalyst RhCtIPPh& on Catalyst RhCtIPPh& on 

4 200 200 400Mesh 400Mesh I!!- - 3XPS-DVB 3XPS-DVB 
1 1 25O'C P 25O'C P 1 dfnl 1 dfnl 

2 
l Experlmentol Point l Experlmentol Point 

-  -  Calculated Calculated Curve Curve 

0 

0 0 40 40 80 80 120 120 160 200 160 200 
TIME (rnlo) TIME (rnlo) 

FIG 3 The converslon of cyclohexene versus time 
in an intrmslc reaction regime 

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

The substrate dlstrlbutlon factors K, pre- 
sented m Table 3, were calculated based on 
an experimental study which concluded 
that the substrate dlstrlbutes uniformly be- 
tween the swollen-polymer and bulk phases 
for low DVB-crosshnked polymers The 
polymer structure should have the greatest 
influence on partltlomng of the substrate 
Therefore, any thermodynamic partltlomng 
of the substrate due to the presence of 
bound Rh and polymer-phosphme sites was 
neglected because of the low metal and 
phosphme loadings of the catalyst beads 

The mltlal 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 m Table 5 The 200-400 mesh, 1% 
DVB catalyst, which had the largest func- 
tlonahzed swelhng ratlo, displayed a rela- 
tlve reduction rate slmdar 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 

Substrate CYCLOOCTENE - 
(0 16 M Inltlall 

Solvent BENZENE 
Cotatyst RhCI(PPh31z on - 

zoo-400Merh 
3% PS-DVB 

T  250 C P latm 

a Experimental Paint 
- Colculoted Curve 

1 
0 40 80 120 160 200 

TIME (mlnl 

FIG 4 The conversion of cyclooctene versus time 
m an intnnslc reaction regime 
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TABLE 3 

Polymer-Bound, 200-400 Mesh Catalyst Intnnslc Rate Parameters and Imtlal Rates 

Catalyst Substrate Reactor K a A B A’ Initial 
% DVB temp (mm-’ (cm3/gmol) (mm-gmol Rh)-’ rate 

(“Cl (x10-4) (x10-2) gmol substrate 

mm-cm’-gmol Rh 
(X 10’) 

CHX” 25 0 0 455 2 69 0 214 5 29 2 13 1 52 
COEb 25 0 0460 2 68 0 268 8 21 2 66 1 29 
CHX 25 0 0 336 6 62 0 461 I 09 4 15 1 73 
COE 25 0 0 339 6 62 0 457 10 35 4 70 1 22 
CHX 25 0 0 346 6 22 0 314 3 30 3 12 2 11 
COE 25 0 0 348 6 22 0 352 6 41 3 48 1 40 
CHX 50 0 0412 2383 0 686 1 51 23 29 I 19 
COE 50 0 0415 2382 1 825 10 26 61 97 4 93 

0 Cyclohexene 
b Cyclooctene 

hydrogenated over the 18-20 mesh, 3% 
DVB catalyst at 25 and 50°C Welsz param- 
eters for these expenments are listed m Ta- 
ble 6 The slgmficance of the magnitudes of 
the Welsz parameters ~111 be discussed m 
the next section 

V DISCUSSION 

Intrmm Reactlon Rate Studies 

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

TABLE 4 

Homogeneous Complex Intrmslc Rate Parameters 
and In&J Rates at 25°C 

Substrate A B A Inltlal 
(mm-’ (cm3/gmol) (mm-gmol Rh)-’ rate 

(X 10-9 (x10-2) gmol substrate 

mm-cm’ gmol Rh 
(X IO’) 

CHX” 0 0737 4 22 28 41 S6 4s 
COEb 0 0242 122 9 33 45 67 

p Cyclohexene 
b Cyclooctene 

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

It has been proposed that the reduced ac- 
tivity and altered selectlvlty may be due to 
mtrapartlcle substrate transport hmltatlons 
(8, 9, 11-16) The presence of dlmers (22, 
23) and/or multiply chelated rhodmm (16, 
20) may also be responsible for the reduced 
activity In addltlon, the alteration m actlv- 
Ity and selectlvlty may be related to the dlf- 
ferences m hgand environment between the 
homogeneous complex and the polymer- 
supported catalyst Manassen and Dror 

TABLE 5 

Imtml Reduction Rates of Cyclooctene Relatwe to 
Cyclohexene at 25°C 

Catalyst support Catalyst bead 
swellmg ratm 

(4) 

Iruttal relatwe 
rate 

Homogeneous complex - 0 81 
1% DVB/ZOO-400 mesh 2 51 0 85 
2% DVB/200-400 mesh 1 73 0 71 
3% DVB1200-400 mesh 1 77 066 
3% DVB/18-20 mesh” 160 0 58 

a Based on measured rate (not mtnnslc actwty) 
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TABLE 6 

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

Substrate Reaction (Y K a D A @ BO WP 

temp (cm) (cm*/mm) (mm I ) 
(“Cl (x 10’) 

CHX” 50 8 27 0 301 0 0602 2 98 1 56 13 78 22 39 16 6 
COEb 50 8 27 0 303 0 0602 2 32 4 15 25 47 27 27 17 9 
CHX 2s 8 27 0 301 0 0602 298 - - - 37 
COE 25 8 27 0 303 0 0602 232 - - - 35 

a Cyclohexene 
b Cyclooctene 

(10) report the effect on homogeneous ac- 
tivity due to alteration of the substltuents 
on one of the phenyl rmgs of the tnphenyl- 
phosphme hgand They also reported the 
effect of the P/Rh ratlo on the actlvlty of the 
homogeneous complex (IO) The actlvlty 
decreased with P/Rh ratios greater than 
2 2-2 3, but the degree of decrease was de- 
pendent upon hgand structure The mflu- 
ence of mtrapartlcle transport on the actlv- 
Ity and selectlvlty of the polymer-bound 
catalyst complex 1s dlscussed 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 mltlal rate 
data at 25 and 50°C The activation energy 
for cyclohexene hydrogenation IS consIs- 
tent with the value reported by De Croon 
and Coenen (26) for a similar catalyst, 11 7 
kcal/gmol (Polystyrene-2% DVB phos- 
phmated m the same manner presented m 
the Methods section, with a Rh loading of 
8 82 wt% and a bead diameter of 0 46 pm ) 
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 m heteroge- 
neous systems, severe mass transfer hmita- 
tlons are responsible (30) De Croon and 
Coenen proposed that mtrapartlcle sub- 
strate transport effects explamed the large 
apparent decrease m activation energy Us- 

mg the data presented m their paper (16) 
and accounting for differences m substrate 
concentration and polymer bead metal 
loading, we estimate a Welsz parameter of 
order 10-j A value of the effective dlffu- 
slon coefficient (24) was determmed for this 
calculation based on the functlonahzed 
swelling ratio we determined from a slmllar 
catalyst (D - 2 x 10m5 cm2/mm) The value 
of the Welsz parameter given above sug- 
gests that De Croon and Coenen were also 
observing mtrmslc rate phenomena Smce 
we have determined that mtrapartlcle sub- 
strate transport hmltatlons were neghglble 
for cyclohexene and cyclooctene wlthm the 
200-400 mesh catalysts studied, the actlva- 
tlon energies we have calculated are mtrm- 
SIC The present results and De Croon and 
Coenen’s results demonstrate that the ac- 
tivity of the polystyrene-supported com- 
plex IS inherently different than the homo- 
geneous catalyst 

Hydrogenation rates for cyclohexene and 
cyclooctene were measured by Grubbs et 
al (23) over RhCl(PPh& supported on 
100-200 mesh, polystyrene-2% DVB poly- 
mer beads They reported a relative mltlal 
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) 
wlthm the swollen polymer matrix was re- 
sponslble for the lower relative rate of the 
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bound catalyst compared to the homoge- 
neous complex Based on data presented m 
their paper (13), we estimate a Welsz pa- 
rameter of order 10m2 for both cyclohexene 
and cyclooctene hydrogenation over their 
catalyst beads This calculation suggested 
that Grubbs et al were also observmg m- 
trmslc polymer-supported reactlon rates 
under the condltlons they studied Lower 
relative reduction rates compared to the ho- 
mogeneous complex may be due to altera- 
tion of the hgand envu-onment (9, 10) as 
previously dlscussed, or to sterlc con- 
straints imposed by the presence of the 
polymer support m the vlcmlty of active 
rhodium 

Our studies also mdlcated 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 it may be mappropnate to compare 
relative rates between the homogeneous 
and polymer-supported complex, relative 
reduction rates for polymer-supported cata- 
lysts may be compared smce the rhodium 
complexes are m similar hgand envu-on- 
ments A greater polymer cham density 
would be expected to increase stenc con- 
straints due to increased crowdmg m the 
vlcmlty of the bound complex sites The 
polymer chain density Increases as the 
functlonahzed swellmg ratlo 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- 
tlonahzed swelling ratios The swelling ra- 
tio of the 1% DVB catalyst was greater than 
either the 2 or 3% DVB catalysts These 
results indicate that the mtrmslc actlvlty of 
polymer-bound catalysts 1s related to the 
functlonahzed swelling ratio 

The bead swellmg ratlo, q, was found to 
decrease upon fixation of the rhodium com- 
plex as shown m Table 1 Smce the swelling 
ratlo decreased relative to the unfunctlona- 
hzed polymer, the rhodium complex wlthm 
the catalyst beads may be m a dlmer form 

(22, 23), or attached to the polymer 
through more than one polymer-phosphme 
hgand (16, 20) The observed decrease m 
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 mvestlgate the nature of the 
polymer-bound complex, the elemental 
analyses, Table 1, were used to estimate 
the mole ratio of tnphenylphosphme to rho- 
dmm, PPh,/Rh, for each of the 200-400 
mesh catalysts The ratios were calculated 
by assuming that the number of polymer- 
phosphme groups per gram of polymer sup- 
port remained constant after the catalyst 
was attached to the phosphmated polymer 
The PPhJRh ratios determined by this pro- 
cedure produced an average of 0 18 + 
0 003 The mole ratio of total phosphorus to 
rhodmm, P/Rh, was m the range of 3 O-3 5 
for these three catalysts 

Reed et al (22) observed a dlmerlc struc- 
ture for RhCl(PPh& bound to 2% polysty- 
rene-DVB functlonahzed with the same 
polymer-phosphme structure used m this 
study The dlmer had one tnphenylphos- 
phme and one polymer-phosphme per rho- 
dium atom If the rhodium complex 1s pn- 
manly m the dlmer form, a PPhJRh ratlo 
near unity would be observed The mono- 
nuclear complex 1s expected to have three 
phosphme hgands (19) The fact that the 
observed PPhJRh 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-phosphme hgand 

The mltlal reduction rate per gram mole 
of polymer-bound rhodium complex was 
found m general to increase as the dlvmyl- 
benzene content of the 200-400 mesh, poly- 
styrene-DVB polymer support Increased 
Lower polymer crosslmk densltles produce 
a more mobde structure m the solvent- 
swollen state If complex dlmerlzatlon or 
multiple chelation of the rhodium complex 
to the polymer support results m mactlve, 
or less active rhodmm, a more mobile poly- 
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mer structure would facilitate their forma- 
tlon Therefore, hrgher polymer crosshnk 
den&es should produce somewhat more 
isolated complex coordmatlon sites This 
effect, m addition to the effect of increasing 
solvent-swollen structure rlgldlty with m- 
creasing polymer DVB content, may ex- 
plain the observed increase m actlvlty with 
Increasing polymer DVB content 

Intrapartlcle Mass Transfer Effects 

The mathematical hydrogenation model 
was developed to describe simultaneous 
dfluslon and reaction m a gel-form, poly- 
mer-bound rhodium catalyst Development 
of the model revealed the physlcal and 
chemical vanables needed to predict poly- 
mer-bound catalyst actlvlty The parame- 
ters needed to characterize this reactlon 
system Include the effective diffusion coeffi- 
cient, D, the substrate partition factor, K, 
and the mtrmslc rate parameters, A and B 
These parameters were measured mdepen- 
dently and were used m the model to pre- 
duct the observed substrate conversion rate 
for an mtrapartlcle mass transfer Influenced 
reaction 

In order to apply the model, a catalyst 
support and reaction regime were chosen 
such that substrate transport hmltatlons 
would mfluence the reaction rate Wllkm- 
son’s catalyst was attached to large dlame- 
ter polystyrene-DVB beads, 18-20 mesh, 
3% DVB A reaction temperature of 50°C 
was chosen because it resulted m a rela- 
tively fast reaction rate wlthout mtroducmg 
further comphcatlons such as severe sol- 
vent loss from the hquld phase (bp benzene 
at 1 atm = 80°C) 

The dependence of the dlffuslon coeffi- 
cients on the polymer swelling ratio demon- 
strated that the crosshnked polymer net- 
work acted as a physical obstruction to 
solute transport (24) In determmmg dlffu- 
slon coefficients for the catalyst beads, the 
suggested presence of dlmers or multiple 
polymer-phosphme chelation was assumed 
to act as further crosshnkmg agents The 

catalyst bead swelling ratio was used to cal- 
culate the effective dlffuslon coefficients 
for the 18-20 mesh catalyst slmulatlons at 
25°C Since the activation energy for dtifu- 
slon IS low (32), the dlffuslon coefficients 
calculated at 25°C were assumed the same 
at 50°C The numerical values calculated 
for the dlffuslon coefficients are presented 
m Table 6 Substrate dlstnbutlon factors, 
K, were calculated for the 18-20 mesh cata- 
lyst based on uniform substrate dlstnbu- 
tlon, as previously dlscussed, and are dlso 
presented m Table 6 

Exammatlon of the Welsz parameter for 
the 18-20 mesh catalyst hydrogenations 
(Table 6) revealed that the reactlon rate was 
influenced by mtrapartlcle substrate mass 
transfer between 25 and 50°C Although the 
Welsz parameters calculated for a reactlon 
temperature of 25°C were less than SIX (3 7 
for cyclohexene and 3 5 for cyclooctene), 
Butt (32) recommends that marginal satls- 
factlon Welsz’s crltena not be used He 
recommends that Welsz’s crltena be satls- 
fied by at least an order of magnitude m 
order to be certain that mtrapartlcle trans- 
port effects are neghglble compared to the 
mtrmslc reaction rate For this reason, the 
rate data collected for the 18-20 mesh cata- 
lyst hydrogenations could not be used to 
determine mtrmslc reactlon rate parame- 
ters In addition, mechanical reduction of 
the 18-20 mesh catalyst beads was not pos- 
sible due to the high elastlclty of the low 
DVB-crosslmked polymer The highly air 
sensltlve nature of the polymer-supported 
catalyst prevented bead size reduction by 
other means 

Intrrnslc activity was shown earlier to be 
related to the polymer support DVB con- 
tent The mtrmslc reaction rate parameters, 
A and B, for the 3% DVB, 18-20 mesh cata- 
lyst slmulatlons were determined from the 
3% DVB, 200-400 mesh catalyst reaction 
data Both catalysts were synthesized usmg 
Identical procedures, and reaction rate pa- 
rameters were determined under the same 
reaction condltlons The 18-20 mesh, 3% 
DVB catalyst had a larger total P/Rh ratio 
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FIG 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 mtrmslc 
rate constants for the different PiRh ratios, 
nor determine the magnitude of the effect, 
If any However, the rate parameter A, 
which contams the effective number of ac- 
tive sites per gram of catalyst, was cor- 
rected for the dtierence m rhodium load- 
mgs The parameter, B, was assumed to be 
the same for both catalysts since it contains 
only equlhbnum 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 m Table 
6 The predicted curve of conversion ver- 
sus time and the experimental data are pre- 
sented m Fig 5 for cyclohexene, and m Fig 
6 for cyclooctene 

The mathematical model predicted the 
expenmental data for the hydrogenation of 
cyclohexene This correspondence infers 
that the controllmg physical and chemical 
variables needed to characterize slmulta- 
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 
Welsz parameter of 16 6 was calculated 
These results indicate that mtrapartlcle 

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

The mtnnslc rate parameters described 
the mtrmslc activity of the 18-20 mesh cat- 
alyst for cyclohexene reduction The dlffer- 
ence m the functlonahzed 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 mtrmslc activity 
for cyclohexene as a substrate This could 
be due to the fact that the total P/Rh ratio 
includes uncoordmated polymer-phos- 
phme 

Apphcatlon of the mtrmslc reaction rate 
parameters determined from cyclooctene 
hydrogenation data over the 200-400 mesh, 
3% DVB catalyst m the mathematical 
model predicted a reaction rate higher than 
that observed The functlonahzed swelling 
ratio for the 200-400 mesh, 3% DVB cata- 
lyst was greater than the 18-20 mesh cata- 
lyst As previously discussed, the stenc 
hindrance effects of the polymer network 
on catalyst activity increase with decreas- 
mg functlonahzed swelling ratios This ef- 
fect should become more apparent for 
larger substrate molecular sizes Therefore, 
the mtnnslc rate parameters calculated 
from the 200-400 mesh, 3% DVB catalyst 
reductions, may have overestimated the m- 
tnnslc reaction rate for cyclooctene reduc- 

I , I I I 

A Substrate CYCLDOCTENE _ 
(016 M In,tlalI 

Solvent BENZENE 
cotolyst RhCIIPPh,l) 0” 
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3 /. PS-DVB 

T  5DO’C P I otm 
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FIG 6 The conversion of cyclooctene versus time 
over the 18-20 mesh catalyst beads 
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FIG 7 Calculated curve of cyclooctene conversIon 
versus time for A = 1 27 mu-’ 

tlon over the 18-20 mesh, 3% DVB catalyst 
beads 

A study was completed to determme If 
the discrepancy between the experimental 
data and the predicted curve for cyclooc- 
tene was m fact due to dlfficultles m extrap- 
olatmg the mtrmslc 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 mto the math- 
ematical hydrogenation model until an optl- 
mum fit to the expenmental data was 
achieved This optimum fit occurred for a 
value of A equal to 1 27 mu-’ 

The overpredlctlon of the reaction rate 
for cyclooctene was also studled to deter- 
mine If it was related to errors m the effec- 
tive dlffuslon coefficient A value of the dlf- 
fusion coefficient which corresponded to 
the maximum relative uncertainty m the 
dtiuslon coefficient (12%) was inserted mto 
the mathematical hydrogenation model 
The predicted reaction rate was negligibly 
reduced (5%) usmg this lower value for the 
dtiuslon coefficient 

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

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

The predlctlon of mtrapartlcle mass 
transport hmltatlons wlthm a gel-form, or 
mlcroporous polymer-supported catalyst 
system 1s consistent with the effective dlf- 
fusion model presented m our earlier paper 
(24) A mmlmum number of variables are 
needed to characterize the activity of the 
polymer-supported catalyst system, and 
may be determmed independently This 
feature should allow the approach used 
herem to be apphed to other gel-form, poly- 
mer-supported catalyst systems 

SUMMARY 

A mathematical model was developed 
and used to investigate simultaneous mass 
transfer and reaction wlthm 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 dlffuslon coefficient of 
the substrate, a partition factor which re- 
lates the thermodynamic partltlomng of the 
substrate between the solvent-swollen cata- 
lyst bead and the bulk phase, and the mtrm- 
SIC reaction rate parameters needed m the 
kinetic expression 

The substantial activity decrease ob- 
served upon attachment of RhC1(PPh3)3 to 
polystyrene-DVB was not due to mtrapar- 
tlcle mass transport hmltatlons Changes m 
the rate of cyclooctene reduction relative to 
cyclohexene are not caused by differences 
m mtrapartlcle dd’fuslon rates The selectlv- 
lty of the polymer-bound catalyst complex 
appears to be related to the swelling ratio 
lmplymg that sterlc constraints due to the 
presence of the polymer support m the vi- 
cinity of active rhodium affect activity The 
mtrmslc polymer-bound activity was found 



46 ROUCIS AND EKERDT 

to increase with polymer crosshnk density 
An observed decrease m the swelling ratio 
upon catalyst attachment, and calculations 
of the ratio of tnphenylphosphme to rho- 
dium, mdlcated multiple polymer-phos- 
phme chelation The presence of multlply 
chelated rhodium may account for the 
lower activity relative to the homogeneous 
complex 

a 

adry 
A 

A’ 

B 

Bo 

c(r,t) 

“‘0 

Cb(t) 

C’(t) 

D 

k’ 
K 

K H2 

KS 

hb 

NOMENCLATURE 

Solvent-swollen catalyst bead 
radms (cm) 
Dry catalyst bead radius (cm) 
Intrmsic reaction rate param- 
eter (mm-‘) 
Intrmsic reaction rate param- 
eter per gram mole Rh (mu-’ 
gmol Rh-‘) 
Intrinsic reaction rate param- 
eter (cm3/gmol) 
Intrinsic reaction rate param- 
eter (dimensionless) 
Substrate concentration 
within solvent-swollen cata- 
lyst bead (gmol/cm3) 
Initial bulk phase substrate 
concentration (gmol/cm3) 
Bulk phase substrate concen- 
tration (gmol/cm3) 
Hydrogen concentration 
(gmol/cm) 
Dimensionless substrate con- 
centration wlthm solvent- 
swollen catalyst bead 
Superficial substrate concen- 
tration wlthm total reactor 
volume (gmol/cm3) 
Effective substrate diffusion 
coefficient (cm2/mm) 
Rate constant (mu-‘) 
Substrate partition (dlstnbu- 
tlon) factor (dlmenslonless) 
Eqmhbnum constant, hydro- 
gen (cm3/gmol) 
Equlhbnum constant, sub- 
strate (cm3/gmol) 
Total moles of polymer-bound 
rhodium (gmol) 

n,(T) 

4 

;-r) 

C--r,) 

t-r,)’ 

R 

t 
T 

vb 

V catalyst 

V catalyst,dry 

VR 

WP 

X 

ff 

Y 

@ 

Total moles of substrate 
within reactor (gmol) 
Bead swelling ratio (swollen 
vol/dry bead vol)(dlmenslon- 
less) 
Radial coordinate (cm) 
Reaction rate (gmol substrate/ 
mm-cm3 catalyst) 
Reaction rate (gmol substrate/ 
mm-cm3) 
Reaction rate per mole of 
polymer-bound rhodium 
(gmol substrate/mm-cm3-gmol 
RN 
Dimensionless radial coordl- 
nate 
Time (mm) 
Dlmenslonless time 
Bulk phase volume (cm3) 
Total solvent-swollen catalyst 
volume (cm3) 
Total dry catalyst volume 
(cm3) 
Total reactor volume (cm3) 
Welsz parameter defined by 
Eq (28) (dimensionless) 
Substrate conversion (dlmen- 
sionless) 
Parameter defined by Eq (18) 
(dimensionless) 
Parameter defined by Eq (23) 
(dimensionless) 
Thlele modulus (dlmenslon- 
less) 
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