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Macroporous polymer catalysts consist of aggregates of gelular microparticles interspersed with 
macropores. A set of macroporous, sulfonated, crosslinked polystyrene catalysts has been pre- 
pared, the crosslinking, surface area, and average macropore diameter having been varied indepen- 
dently. The catalysts were tested in a reaction involving molecules of intermediate size and 
polarity, the reesterification of ethyl acetate with n-propanol. Reaction rate data, measured at 106°C 
and 1 atm, demonstrate that sites on the surfaces of the gel microparticles are less active than sites 
within the microparticles. The more highly crosslinked polymers offer greater resistance to diffu- 
sion in the microparticles but have the more active catalytic sites within the microparticles. The 
data are represented by a model accounting for diffusion in macropores, Langmuir adsorption on 
microparticle surfaces, diffusion/swelling in microparticles, and second-order reversible reaction 
within microparticles. The model accounts for variations in diffusion coefficients and microparticle 
volume caused by swelling of the microparticles. The reaction rates were strongly influenced by 
diffusion in the microparticles, but the effects of macropore diffusion and adsorption on microparti- 
cle surfaces were negligible. 

INTRODUCTION 

Acidic ion-exchange resins consisting of 
sulfonated, crosslinked polystyrene are the 
only polymeric solids that have found large- 
scale applications as catalysts. The resins 
are used in a variety of processes, including 
olefin hydration (I), esterification (2), bis- 
phenol A synthesis (3), and the methanol- 
isobutylene conversion to give methyl-f-bu- 
tyl ether, a high-octane gasoline component 
(4, 5). Typical catalysts are macroporous, 
having BET surface areas as high as hun- 
dreds of square meters per gram and con- 
sisting of aggregates of polymer gel micro- 
particles (microspheres) interspersed with 
macropores (6). 

The first ion-exchange resins were swel- 
lable gel-form particles without true pores; 
these are usually less useful catalysts than 
macroporous resins, often being less stable. 

1 To whom correspondence should be addressed. 

They are also often less active, since they 
require swelling by reactants or solvents; 
nonpolar reactants like hydrocarbons may 
not find access to catalytically active 
-S03H groups in the interior of the gel, and 
polar solvents like water, which would 
swell the resin, may be inappropriate be- 
cause they are strong inhibitors of the cata- 
lytic reactions. In macroporous catalysts, 
however, a large fraction of the -SO,H 
groups may be located close to the micro- 
particle surfaces, therefore being accessible 
to nonpolar, nonswelling reactants _ 

Gel-form resins have been characterized 
by kinetics of simple reactions such as 
esterifications and alcohol dehydrations, 
and complications of intraparticle diffusion 
have sometimes been shown to be negligi- 
ble by the lack of a particle size effect 
(5, 7-9). With macroporous resins, how- 
ever, the more significant diffusion resis- 
tance is associated with the microparticles, 
the dimensions of which are almost un- 
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changed as particles are crushed. Conse- 
quently, there has been no systematic vari- 
ation of microparticle dimensions-and 
therefore no quantitative characterization 
of the diffusion influence on catalysis by 
macroporous resins. It is clear, therefore, 
that there have been no demonstrated de- 
terminations of intrinsic kinetics with mac- 
roporous resin catalysts. 

Several workers have attempted to eluci- 
date the effects of resin crosslinking, but it 
has been difficult to vary crosslinking with- 
out producing a nonuniformly sulfonated 
resin (10). The concentration of acid groups 
in the resin may often be considerably less 
than the upper bound represented by mono- 
sulfonation of all the aromatic rings, and 
sometimes the rate of a catalytic reaction 
has been observed to increase with increas- 
ing resin crosslinking, since the diffusion- 
limited sulfonation process may result in 
the attachment of a larger fraction of 
-S03H groups near the microparticle sur- 
faces. 

In this report, we summarize results ob- 
tained with a series of macroporous resin 
catalysts having systematically varied mi- 
croparticle physical properties. The prepa- 
ration of these catalysts is described else- 
where (11). Kinetics data were obtained for 
a reaction involving molecules of intermedi- 
ate size and polarity, the reesterification of 
ethyl acetate with n-propanol: 

P 
CH&-OCH2CH3 + CH3CH2CH20H + 

CHSC-OCH&H2CH3 + CH,CH20H (1) 

This reaction was chosen because the reac- 
tants and products are similar in size and 
tendency to swell the resin (12) and be- 
cause kinetics can be measured simply. 
This reesterification reaction, among others 
catalyzed by sulfonated macroporous ion- 
exchange resins, has been investigated by 
Setinek and Beranek (13) and Zanderighi ef 

al. (14). They fitted their kinetics data to 
second-order Langmuir-Hinshelwood rate 
equations, those commonly applied for 
esterifications, reesterifications, and ether 
syntheses from alcohols catalyzed by acidic 
surfaces (15, 16). 

The resins used in this work were also 
used in a complementary study (16) of the 
catalytic dehydration of methanol to give 
dimethyl ether. Methanol was found to 
swell the resin strongly, and there was vir- 
tually no diffusion influence on the rate. 
Polymer physical properties were still 
found to be important-gel-form polymers 
being intrinsically more active catalysts 
than the macroporous resins. On the basis 
of molecular size and polarity, we expect 
the reactants in reesterification to exhibit 
less tendency than methanol to swell the 
resin; therefore, the plan was to collect data 
for this reaction in an attempt to establish 
structure-catalytic activity relations for 
macroporous resins with the resistance to 
diffusion in the microparticles being sig- 
nificant . 

NOMENCLATURE 

Concentration, mol/cm3 
Diameter, cm 
Diffusivity, cm2/s 
Intrinsic reaction rate constant, 
cm3/(mol * s) 
Reaction equilibrium constant 
Adsorption equilibrium constant, 
atm-l 
Micropore length, cm 
Pressure, atm 
Reaction rate, mol/(cm3 * s) 
Rate of adsorption on microparticles, 
mol/(cm3 * s) 
Partial molar volume, cm3/mol 
Fraction of surface acid groups 
Microparticle solute fraction 
Generalized modulus 
Effectiveness factor 
Density, g/cm3 
Concentration of acid groups, equiv- 
alents/g 
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Subscripts 

ea Ethyl acetate 
P Propanol 
e Ethanol 
pa Propyl acetate 
.A Macropore 
M Macroparticle 
obs Observed 
P Microparticle 

Superscripts 

0 At center of or in unswollen state 
S Surface 

Effective 

EXPERIMENTAL 

The catalysts were macroporous, sul- 
fonated poly(styrene-ethylvinylbenzene-di- 
vinylbenzene) resins specially made by 
the Rohm and Haas Company. Concentra- 
tions of exchangeable hydrogen ion in the 
resins were measured by titration; skeletal 
densities by helium-air pycnometry; appar- 
ent densities by mercury displacement un- 
der vacuum at 25°C; and BET surface areas 
by nitrogen adsorption-desorption at 
77.3”K. 

Reagent grade n-propanol and ethyl ace- 
tate were supplied by Fisher. The n-pro- 
panol was distilled from anhydrous K&OS, 
and the ethyl acetate was dried over K.&O3 
and then distilled from P,O,. Industrial 
grade helium (~15 ppm HzO, 99.995% 
pure) was supplied by Linde. 

Initial reaction rate data for the catalytic 
reesterification were determined with a 
packed-bed flow microreactor connected 
directly to the sampling valve of an Antek 
300 gas chromatograph (GLC). Differential 
conversions were measured using ethyl ac- 
etate-n-propanol-helium feed mixtures as 
vapors at 106°C and 1 atm. Further details 
of the reactor system are described else- 
where (16). 

A 2-mm-i.d., 1.83-m-long 316 stainless- 
steel GLC column of 80/ 100 mesh Chroma- 
sorb 101 was used to separate the product 
mixture. The column was temperature pro- 

grammed with a 1-min initial hold at 110°C 
followed by a lYC/min ramp to 185°C and 
a 5-min final hold. Helium carrier gas flow 
was 40 cm3/min. A flame ionization detec- 
tor was used. 

The GLC peaks were identified by coin- 
jection of standards. Some reactor effluent 
samples were also separated and analyzed 
by GLC/ms; the mass spectra confirmed 
the identifications. 

A fresh catalyst charge was added for 
each reaction experiment. Carbonaceous 
deposits were observed to have built up 
gradually on the used catalysts. The rate of 
the catalytic reaction decreased slowly with 
time on stream. The rates reported here are 
those extrapolated to zero onstream time. 

RESULTS 

The catalyst characterization data are 
summarized in Table 1, The concentrations 
of acid groups are nearly equal to values 
expected for uniform monosulfonation of all 
the phenyl rings, which indicates that the 
sulfonating reagent (H&SO,) penetrated the 
microparticles rapidly. 

A reaction network accounting for the 
observed products and the expected cata- 
lytic reactions is shown in Fig. 1. The domi- 
nant reaction was the reesterification of II- 
propanol and ethyl acetate, giving n-propyl 
acetate and ethanol. Other reactions, listed 
in order of decreasing rate, are the dehydra- 
tion of ethanol to give diethyl ether, the 
dehydration of n-propanol to give propyl- 
ene, and the dehydration of ethanol to give 
ethylene. The rate of ethyl acetate hydrol- 
ysis was low and could not be measured 
because the acetic acid peak in the GLC 
trace was obscured by the neighboring 
peaks indicative of n-propanol and ethyl 
acetate. The oligomerization rates were not 
measured because the oligomers, also 
present in low concentrations, were eluted 
only slowly from the GLC column. 

The most accurate measure of the 
reesterification rate is provided by the con- 
version data for the n-propyl acetate prod- 
uct, since it did not react further. The less 
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CH,C-OCN$H, CH3CH2CH20H 

OLIGOMERS 

t 0 

CHSCH~OH + CH,i-OH CH3CHLOCH2CH3+ Hz0 

0 II 
CH&OCH~CH~W~ + CH~CH~OH 

# 

CHz= CHI +HzO 

I 
OLIGOMERS 

FIG. 1. Proposed reaction network for conversion of 
ethyl acetate and n-propanol catalyzed by sulfonic acid 
resins. 

precise rate data determined from conver- 
sion to ethanol and its dehydration products 
are in good agreement with the rate data 
determined from n-propyl acetate analyses 
(Fig. 2). 

The rates of reesterification reported be- 
low were determined from measured rates 
of n-propyl acetate formation as a function 
of time onstream in the flow reactor, as 
exemplified by the data Fig. 3. The curves 
demonstrate the occurrence of catalyst de- 

08 

0.5 1.0 1.5 2.0 2.5 3.0 3.5 

IO3 x r,,molecules/(ocid group.s) 

FIG. 2. Verification of mass balance. The rate rI is 
the rate of formation of ethanol plus twice that of 
diethyl ether plus that of ethylene, and r, is the rate of 
formation of n-propyl acetate. Data were obtained for 
catalysts A, B, and C (Table I). 



MACROPOROUS POLYMER CATALYSTS 365 

0.00 ' I I I I I 
0 2 4 6 a IO 12 

1Om3 x Time; s 

FIG. 3. Deactivation of the catalysts. Ethyl acetate 
partial pressure, 0.3 .atm, n-propanol partial pressure, 
0.1 atm. 

activation. During the short initial period, 
the reactants were flowing from the feed 
pump to the catalyst and the catalyst parti- 

cles were being swollen by the reactants. 
After the initial period, the rate was a maxi- 
mum, and this value was considered to be 
representative of the fresh catalyst. Rates 
were measured in this way for a range of 
reactant partial pressures, and the data are 
summarized in Figs. 4-6. 

If there were no influence of diffusion or 
swelling on the catalytic reaction rate, then 
the curves for the three catalysts would be 
expected to coincide. Since there are strik- 
ing differences, we infer that swelling and 
transport phenomena need to be considered 
in modeling the catalyst performance. 

DISCUSSION 

Our goal is to explain the observed de- 
pendence of catalytic activity on polymer 
structure by accounting for swelling and 
transport effects. For reaction to occur be- 
tween n-propanol and ethyl acetate, both 

3.0 I I I I 

0.2 0.4 0.6 0.8 
Ethyl acetote partial pressure, atm 

FIG. 4. Initial catalytic reaction rates. The n-propanol partial pressure was 0.1 atm. The curves are 
the fits to the data given by Eq. (13) with the optimum regression parameters of Table 4. 
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FIG. 5. Initial catalytic reaction rates. The ethyl 
acetate partial pressure was 0.1 atm. The curves are 
the fits to the data given by Eq. (13) with the optimum 
regression parameters of Table 4. 

reactants must diffuse through the macro- 
pores, adsorb on the microparticles, and 
then swell the microparticles to find access 
to the catalytically active -S09H groups. 
Changes in catalyst structure are expected 
to change the rates of the transport pro- 
cesses, and a model is proposed to account 
for the influence of these processes on the 
rate of the catalytic reaction. 

Swelling and Reaction in the Polymers 

The dependence of the observed rates on 
reactant partial pressures is shown in Figs. 
4-6. These results lead to several qualita- 
tive inferences about the nature of the 
structure-catalytic activity relations: 

(1) At low partial pressures of either reac- 
tant, rates of the catalytic reaction in the 
highly crosslinked catalyst (B) were lower 
than those observed for the other catalysts. 
This result suggests a substantial resistance 

to transport of reactants associated with the 
polymer network in B. 

(2) At higher reactant partial pressures, 
however, catalyst B was as active as the 
others, which suggests that it was strongly 
swelled under these conditions. 

(3) There appears to be a difference in the 
relative swelling rates of ethyl acetate and 
n-propanol that is crosslink dependent. The 
shapes of the rate-reactant partial pressure 
curves (Figs. 4 and 5) are about the same 
for catalysts A and C. These results suggest 
that, for either catalyst, the two reactants 
swell the polymer equivalently. However, 
ethyl acetate evidently swells catalyst B 
more strongly than does n-propanol, as in- 
dicated by the greater self-inhibition by 
ethyl acetate (Fig. 4) compared with n-pro- 
panol (Fig. 5). 

(4) Higher microparticle surface area 
does not necessarily imply higher catalytic 
activity. Catalyst A, with high surface area 
and low crosslinking, is less active than C. 
Catalyst C contains the largest number of 
easily accessible catalytic sites in the mi- 
croparticle interior, as evidenced by its high 
-SOaH group content, low surface area, 
and low crosslinking (Table 1). 

The difference in the swelling character- 
istics of ethyl acetate and n-propanol in the 
16% crosslinked catalyst B is an unex- 
pected result. Wolf (12) found that alcohols 
and esters from the liquid phase were 
equivalent in their tendency to swell a cata- 
lyst similar to B. Setinek and Beranek (13) 
found that the equilibrium constants for ad- 
sorption of ethyl acetate and n-propanol at 
120°C and 1 atm were similar. We explain 
the higher rate of swelling by ethyl acetate 
than by n-propanol as a consequence of the 
weaker polar interaction of the ester with 
the -SOaH groups. More polar molecules, 
such as the alcohol, are restricted more by 
the acid groups in the small, rigid micro- 
pores of highly crosslinked polymers. 

Supporting evidence for the interpreta- 
tion of the behavior of catalyst B at higher 
reactant partial pressures is provided by 
several references (8, 10, 17-29) which 
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FIG. 6. Initial catalytic reaction rates determined with equal partial pressure of the reactants. The 
curves are the fits to the data given by Eq. (13) with the optimum regression parameters of Table 4. 

demonstrate that, under these conditions, 
as resin crosslinking increases, so do the 
rates of several acid-catalyzed reactions- 
up to a point. Further increases to >20% 
crosslinking produce catalysts so rigid that 
swelling is virtually impossible, and rates 
decrease. Additional evidence is provided 
by literature (20) results for isopropanol de- 
hydration catalyzed by crosslinked sulfo- 
nated polystyrene membranes. These 
results follow the same pattern as our data; 
a 5% crosslinked catalyst is much more 
active than an 8% crosslinked catalyst at 
low isopropanol partial pressures, whereas 
at higher partial pressures, the 8% 
crosslinked catalyst is slightly more active. 
This rate behavior may be ascribed in part 
to the previously mentioned nonuniformity 
of sulfonation, but we infer that this is not 
the only cause, since in many cases the 
resins were relatively uniform even at high 

crosslinking, and the membranes were cer- 
tainly uniform. 

As crosslinking increases, the more rigid 
polymer matrix is expected to increasingly 
restrict the orientation (hydrogen bonding) 
of -SOSH groups. At the same time there is 
an increased electrostatic repulsion of 
-SO,Hgroups because they are more closely 
spaced in the more highly crosslinked poly- 
mer. Consequently, the strength of interac- 
tion of the acid groups with reactant mole- 
cules is decreased (21, 22). For strongly 
hydrogen-bonded molecules, such as n-pro- 
panol, the decrease is slight, whereas for 
the less polar ethyl acetate, it is considera- 
ble. But it is this decrease in the strength of 
bonding of reactant to -S03H groups that 
may account for the maximum in catalytic 
activity as a function of crosslinking at high 
degrees of swelling. 

The high activity of the low-surface-area 



368 DOOLEY ET AL. 

catalyst C is attributed to the higher activi- 
ties of -SOaH groups in the interior of the 
microparticles. Several authors (e.g., 9, 18) 
have observed orders of reaction in -SOaH 
groups that are greater than one, indicating 
the involvement of a hydrogen-bonded net- 
work of -S03H groups forming the cata- 
lytic sites (20). These results lead to the 
inferences that (i) sites on the surface of a 
microparticle are less active than those in 
the interior and (ii) that an effectively 
swelled gel-form resin may be more active 
than a macroporous resin of equal cross- 
linking. The results given in an accompany- 
ing paper (23) (characterizing the dehydra- 
tion of methanol catalyzed by both kinds of 
polymers) support this interpretation. 

Model Development 

Results of calculations by standard 
methods have shown that concentration 
and temperature gradients external to the 
catalyst particles and temperature gradients 
within the particles were negligible in the 
experiments reported here (15, 24). The 
concentration gradient associated with the 
macropores could not be estimated di- 
rectly, since the complete rate equation was 
unknown. Instead, macropore diffusion re- 
sistance was gauged using Bischoff’s gener- 
alized model accounting for diffusion with 
reaction in a permeable catalyst particle 
(25). According to the model, the dimen- 
sionless modulus Q, is 

For an irreversible first-order reaction, this 
reduces to the well-known Weisz modulus: 

For a second-order reversible reaction, the 
generalized modulus reduces to 

3 robs dnr”c,’ 
’ = 72DL( CMs” - Cod) . (4) 

The criterion for negligible macropore 

TABLE 2 

Calculated Generalized Moduli’ 

Catalyst 10s x Modulus 103 x Modulus 
Eq. (3) Eq. (4) 

A 3.9 6.4 
B 3.1 5.0 
C 5.3 8.3 

a The moduli were calculated from the data of Table 
1 and Figs. 4-6. Details are given elsewhere (15). 

diffusion resistance is @ 4 1. For second- 
order reversible Langmuir-Hinshelwood 
kinetics, the exact value of the modulus 
would lie between the values calculated 
from Eqs. (3) and (4). The results of the 
calculations for the extreme case of maxi- 
mum observed rates and macropore lengths 
are summarized in Table 2. The equilibrium 
concentration C,, was calculated from ex- 
perimental results. All the moduli were cal- 
culated to be 50.009, which indicates that 
the concentration gradients were insig- 
nificant. Therefore, in the following anal- 
ysis, the reactant concentration external to 
any microparticle is assumed to be equal to 
the bulk gas-phase concentration. 

In the diffusion-reaction model of a resin 
particle, both macropore and micropore 
diffusion are accounted for, although in the 
absence of a significant macropore concen- 
tration gradient, only the micropore resis- 
tance could be tested by the data. The as- 
sumptions underlying the model include the 
following: 

(1) The reactants and products are 
present in a vapor phase external to the 
catalyst particles. 

(2) There is no reactant in the microparti- 
cles that is not chemisorbed (bonded to 
-S03H groups), and chemisorption on mi- 
croparticle surfaces precedes diffusion into 
the microparticles. In other words, it is as- 
sumed that no physically adsorbed reac- 
tants participate either in swelling or the 
catalytic reaction. The necessity of reactant 
chemisorption on a microparticle surface is 
confirmed by the poisoning data of Mar- 
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tinec et al. (10) and Setinek and Prokop 
(26), who found that only a small amount of 
base adsorption, shown to occur mainly on 
microparticle surfaces, rendered macropo- 
rous acid catalysts almost completely inac- 
tive. The same amount of poisoning was 
observed to deactivate a gel-form catalyst 
totally. 

(3) Product adsorption on microparticle 
surfaces is negligible. 

(4) The reaction of ester with alcohol, 
both being bonded to -SOaH groups, is rate 
determining. This assumption is in agree- 
ment with reported catalytic kinetics 
(23, 14). The chemisorption of reactants on 
microparticle surfaces is ruled out as a rate- 
determining step because of the observed 
lack of an influence of this surface area on 
rate. 

(5) Langmuir adsorption occurs on the 
microparticle surfaces. 

With these assumptions, the relevant 
equations follow from the swelling and hy- 
dration theory of La1 and Douglas (27), the 
resin diffusion results of several workers, 
especially Mackie and Meares (28) [other 
results are summarized by Meares (29)], 
and the theory of the generalized modulus. 

The volumes of polymers swelled with 
water have typically been observed to in- 
crease linearly with small amounts of added 
water (27). Therefore, 

% = vc,. (5) 

The solute (adsorbate) fraction is also de- 
pendent on the crosslinking, since the par- 
tial molar volume of the solute is a weak 
function of crosslinking. Equation (5) is 
probably even more applicable to our data 
than to water, since alcohols and esters 
swell and associate with acid groups to a 
lesser degree than does water. 

The effective diffusivity of the solute in a 
highly swollen resin has been represented 
by the following equation (28, 29): 

This expression is based on a homoge- 
neous polyelectrolyte gel model, according 
to which all diffusion paths are equivalent 
for both polymer and solute, and according 
to which the random diffusive transport is 
independent of polar interactions with the 
polymer chains. This is an inexact approxi- 
mation for our vapor-phase reactants, rela- 
tively rigid polymer chains, and strong po- 
lar interactions in the smallest pores, but it 
is the only available expression based on a 
wide variety of data for acidic ion-exchange 
resins. It reduces to the correct limit (0; + 
D) as the reciprocal partial molar volume 
approaches the solute concentration in the 
microparticles. 

If it were possible to observe the catalytic 
reaction rate just outside a microparticle, it 
would be 

[I 1 l/2 

2 
= 

;;’ DIC)r (WC 

I . (7) 

For strong diffusion limitations, C,O = C,,. 
The diffusion path length 1 increases as 
swelling occurs. Since the crosslinks 
strongly restrict the polymer chains, it is 
assumed that the total unswollen micropar- 
title surface area equals the swollen micro- 
particle surface area. The path length then 
becomes 

4 4’ 
’ = 6 = (j(1 - ~)1/2 (8) 

It remains to couple Eq. (7) for micropar- 
titles with the rate, adsorption, and macro- 
pore diffusion equations. Consistent with 
the literature reports of second-order ki- 
netics (13, 14), the rate equation for reac- 
tion within the microparticles is taken to be 

r = k C,,C,,,- . (9) 

The concentration of reactant adsorbed on 
the microparticle surface is as follows, pro- 
vided that n-propanol is the limiting reac- 
tant (if ethyl acetate is the limiting reactant, 
the equation is analogous): 
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r obs = 1)i&c$) 

The fraction of surface sites, x, for each 
catalyst, was calculated as in Ref. (15). To (11) 

couple microparticle diffusion-reaction to 
macropore diffusion, we note that in the 

R(C) = rwobs(l - 64). (12) 

macropores the rate of adsorption on the Combining Eqs. (5)-(12) and assuming 
microparticles equals the reaction rate in- rwhs = robs (consistent with the calculated 
side the microparticles. Therefore, macropore concentration gradients) gives 

r,bs [2 /ZSkDp (c,,c,.. - jg& C,.cppa)(&---Pdc~p]l’z = 
y (1 - E,s)l/z 

(13) 

where 

% s = tTpcfips + v,,c,,,s. (14) 

% = fiPC,P + k&xi 

+ &lac,,, + w,,. (13 

These equations were used in a regres- 
sion analysis with all the reesterification ki- 
netics data. There are seven unknown pa- 
rameters, k, K,, Kea/Kp, and the four 
partial molar volumes. Estimates of the 
ranges of all of these except k (Table 3) 
allowed us to reduce the problem to essen- 
tially a linear regression for k, except for 
the variation of the rest of the unknowns 
within their constraints. 

TABLE 3 

Assumed Ranges of Parameters in 
=I. (13) 

Parameter 

KP 
&a/K, 

6 

Value 

0.0-25.0 atm-1 
0.0-10.0 

lOO-12,000 cmS/mola 
lOO-4,700 cms/moP 
lOO-27,000 cms/molc 

a Catalyst A. 
* Catalyst B. 
c Catalyst C. 

The maximum adsorption equilibrium 
constants (Table 3) correspond to the maxi- 
mum literature values for acidic resins 
(7, 10, 13, 14, 30). The minimum partial 
molar volumes are approximately the satu- 
rated liquid volumes; the maximum vol- 
umes were estimated from La1 and 
Douglas’ (27) determinations of the maxi- 
mum porosities in hydrated resins which 
were used with Eqs. (10) and (14), as the 
adsorption equilibrium constants ap- 
proached infinity. For finite values of these 
constants, the maximum partial molar vol- 
umes are a few percent greater. In the re- 
gression analysis, all component partial mo- 
lar volumes were assumed equal; 6 
represents an average value. 

After a grid search, the k - Kp - Ke,/Kp 
response surface for each catalyst at three 
different values of V was plotted. The stan- 
dard error of k was used to choose the best 
estimates of K,, K,,/K,, and ti. The opti- 
mum regression coefficients and their 
confidence limits are given in Table 4 for 
each catalyst. The computations showed 
that this was a true global optimum, imply- 
ing convergence to these optimum values 
whatever constraints were set on the pa- 
rameters. The confidence limits are based 
on the approximate 95% critical contours of 
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TABLE 4 

Results of Regression Analysis 

Catalyst IT 
(cm3/mol) 

KP L/K, p/2 a 
(atm-I) (cm3/mol s)r12 

A 100 3.5 + 2.0 0.75 k 0.27 (0.90 f 0.24) x 101 
B 100 0.50 k 0.25 2.0 -r- 0.7 (5.4 t 2.7 ) x 103 
C 100 1.4 * 0.9 0.50 f 0.25 (4.6 k 2.9 ) x 1V 

a As seen from Eq. (13), ki’* is obtained from the regression. The corresponding best values of k are 8.1 
x 105, 2.9 x lo’, and 2.1 x IO9 cm3/(mol. s) for A, B, and C, respectively. 

the response surfaces. The limits in some 
cases are large, reflecting the scatter of the 
kinetics data, the uncertainties of the 
model, the difficulty in regression with the 
number of parameters involved, and the 
difficulties in analyzing diffusion and ad- 
sorption phenomena from reaction data 
alone. Although the statistical differences 
between optimum values at different aver- 
age partial molar volumes are not 
significant, there is a definite trend toward 
less error for volumes in the saturated liq- 
uid region (= 100 cm3/mol). Also, for two of 
the catalysts, A and B, the model breaks 
down at V > 1000 cm3/mol, since the re- 
gression intercept deviates from its ex- 
pected value of zero. Therefore, the lower 
partial molar volumes seem more appropri- 
ate. 

The quantitative results reenforce the 
qualtitative conclusions about the nature of 
the effects of polymer properties on cata- 
lytic activity. The catalysts having low sur- 
face area (C) and high crosslinking (B) both 
show a high intrinsic rate constant com- 
pared with that of the low crosslinking, high 
surface area catalyst A. The latter has the 
largest adsorption equilibrium constants, as 
expected. The magnitudes of the adsorption 
equilibrium constants agree well with litera- 
ture values (13, 14, 30) of about 0.6-2.0 
atm-l at nearly equal temperatures. 

The catalytic rate data cannot be de- 
scribed adequately by models that ignore 
microparticle swelling. For example, a 
number of second-order Langmuir-Hin- 
shelwood rate equations were used to re- 

gress the rate data (I 5). Aside from squared 
errors at least 50% larger than those pre- 
dicted by the present model, the simple 
Langmuir-Hinshelwood models predicted 
zero or negative adsorption equilibrium 
constants for catalyst B. 

In summary, we conclude that this model 
provides a proper framework for interpreta- 
tion of catalytic reaction rate data for mac- 
roporous polymers. 

I. 
2. 

3. 

4. 

5. 

6. 

7. 

8. 

9. 
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