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The influence of the acid site distribution on the catalytic deactivation of sulfonated poly(styrene- 
divinylbenzene) membranes in ethanol dehydration was investigated with a differential flow reactor 
operated at 120°C and 1 atm. Two kinds of the membrane catalysts with the same ion-exchange 
capacity prepared by different sulfonation methods showed very different deactivation dynamics. 
The deactivation behaviors were explained through a Langmuir-Hinshelwood kinetics combined 
with the inhibition due to product water by assuming the different initial distributions of the acid 
Site inside the gelular microparticle. 0 1986 Academic Press, Inc. 

INTRODUCTION 

Macroporous resins consist of agglomer- 
ates of the polymer gel microparticles inter- 
spersed with macropores (I). Much re- 
search has been made on the kinetics of 
alcohol dehydration and esterification with 
gelular (2-4) or with macroporous (5, 6) 
resins. 

Klein et al. (7) demonstrated that non- 
uniform distribution of the sulfonic acid 
groups could be obtained by sulfonating 
poly(styrene-divinylbenzene) resins incom- 
pletely and that the distribution of the sul- 
fonic acid groups affects the desulfonation 
rate of the resins. 

In the present study, the influence of the 
distribution of the sulfonic acid groups 
within the microparticle is investigated on 
the deactivation behavior of the macropo- 
rous sulfonic acid resin catalyst for the gas 
phase ethanol dehydration. Ethanol is a 
small and polar molecule and is expected to 
swell the polymer effectively, possibly al- 
lowing catalysis to occur in the absence of 
the significant intraparticle concentration 
gradients (3, 6). The intrinsic reaction ki- 
netics for the system had been well estab- 
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lished by other investigators (2, 8-10). Wa- 
ter, one of the products of the dehydration, 
can deactivate the catalysts by inhibiting 
the reaction (3) or by desulfonation above 
100°C (7, II). 

Two membrane type catalysts of the 
macroporous poly(styrene-divinylbenzene) 
resins were prepared. The polymer mem- 
branes with the same physical properties 
had been sulfonated in two different ways, 
resulting in the same overall ion-exchange 
capacity (1.0 meq H+/g cat). 

The catalytic reaction conditions were 
chosen similar to those of Kabel and Johan- 
son (2). The deactivation pattern of the de- 
hydration reaction was explained in terms 
of the difference in the sulfonic acid group 
distribution within the microparticle. 

Four different models on the initial acid 
site distribution were compared to see how 
they can result in the different deactivation 
behavior when the same Langmuir-Hin- 
shelwood kinetic expression and water in- 
hibition are introduced for the diffusion lim- 
iting microparticle. 

EXPERIMENTAL 

Membrane preparation. Macroporous 
poly(styrene-divinylbenzene) membranes 
were prepared from styrene (Aldrich, 999/o), 
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TABLE 1 

Composition of the 
Monomers 

Component wt% 

Styrene 44.05 
Divinylbenzene 13.79 
Ethylstyrene 11.36 
t-Amy1 alcohol 15.68 
Polybutadiene 14.92 
Benzoyl peroxide 0.2 

divinylbenzene (Tokyo Kasei, 55% m- and 
p- isomer), and t-amyl alcohol (Tokyo Ka- 
sei, 99%). Benzoyl peroxide (Hayashi Pure 
Chem.) and polybutadiene (Aldrich, 45% 
vinyl, 55% cis- and trans-1,4,K 4,500) 
were used as the initiator and the plasti- 
cizer, respectively. Polypropylene gauze 
(Tokuyama Soda Co.) was used as the sup- 
port material. The composition of the 
monomers for the membranes are listed in 
Table 1. The membranes were synthesized 
between the two glass plates submerged 
vertically in a water bath. Temperature of 
the water bath was held at 50°C for 72 h 
then at 85°C for 72 h (12, 13). Synthesized 
membranes were washed with distilled wa- 
ter and methanol repeatedly and dried at 
80°C under a vacuum of lop3 Torr for 48 h. 

Sulfonation. The membranes were 
chopped into small patches of 1 x 3 mm 
and sulfonated by two different methods. 

Sample I: 0.1 g of the membranes were 
swollen with 100 ml of nitrobenzene (Hay- 
ashi Pure Chem., 99%) at 25°C in a 500-ml 
Erlenmeyer flask. After 24 h the mem- 
branes were transferred into a lOOO-ml 
three-neck round-bottom flask, equipped 
with a reflux condenser, containing 500 ml 
of I&SO4 (Junsei Chem., 99.6%) at 85°C. 

Sample II: 25 ml of H2S04, 32 ml of 
CHzClz (Rots Chem., N.V., 99.5%) and 92 
ml of CH3N02 (Hayashi Pure Chem., E.P.) 
were mixed and stirred vigorously in a 250- 
ml round-bottom flask at 25°C. Finally, 0.1 
g of the membranes was added to the mix- 
ture. 

Sulfonated membranes were washed 
with methanol and distilled water until the 
pH and the color of the effluents did not 
change any further. Washed membranes 
were dried at 80°C under a vacuum of lop3 
Torr for 48 h and stored under Ar atmo- 
sphere. 

Chavacterizution. The thickness of the 
membranes was 0.19 -+ 0.01 mm (Fig. 1). 
The macroporous structure of the mem- 
branes were confirmed by the scanning 
electromicroscopy as shown in Fig. 2. The 
pore size distributions were obtained by the 
BET and mercury intrusion method and 
shown in Fig. 3. The ion-exchange capaci- 
ties of the sulfonated membranes, titrated 
with 10% NaOH solution, charged with the 
sulfonation time as shown in Fig. 4. Two 
kinds of catalysts with the same total ion- 
exchange capacity (1 .O meq H’/g cat) were 
prepared through their respective sulfona- 
tion methods by controlling the sulfonation 

FIG. 1. Cross-sectional view of the membrane 
(x65). 
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FIG. 2. SEM photograph of the inner structure of the membrane (x4060). 

period; i.e., 10 min for sample I and 20 h for 
sample 11. 

Ethanol dehydration. The catalytic reac- 
tions were carried out in a minireactor 
shown in Fig. 5. The reactor and evapora- 
tor were made of stainless-steel tube with 
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FIG. 3. Pore size distribution of the membrane. FIG. 4. Ion-exchange capacity vs sulfonation time. 

dimensions of 1.25 cm i.d. and 25 cm long 
and 2.5 cm i.d. and 10 cm long, respec- 
tively. Temperature of the system was con- 
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FIG. 5. Reaction apparatus. 

trolled within +O.YC by wrapping the 
whole system with the electrical heating 
tape. Measured amount (0.1 g) of the cata- 
lyst prepared by one of the previous meth- 
ods was loaded in the reactor. The system 
was purged with nitrogen (99.99%) at 120°C 
for 30 min before the reaction was started. 
After N2 flow was stopped the reactor out- 
let was connected to the product collector 
bottle which was submerged in an ice bath. 
Then only ethanol (Merck, Absolute) was 
introduced into the evaporator by a syringe 
pump at a rate of 0.02 ml/min. Temperature 
of the catalyst bed was 120°C. All of the 
outlets from the reactor were condensed 
and collected for 15 min in a 2-ml test tube 
submerged in an ice bath. 

The reaction products were analyzed by 
gas chromatography with a thermal con- 
ductivity cell detector, together with the 
column packed with Carbowax 20 M (14%) 
on Chromosorb W (50/60 mesh). 

THEORY 

Intrinsic kinetics. When ethanol dehydra- 
tion is catalyzed by sulfonic acid resins, the 
most probable rate-determining step is re- 
action between two ethanol molecules ad- 
sorbed adjacently (2, 8-10). The intrinsic 
reaction rate equation suggested by Kabel 

and Johanson (2) is given by 

r -’ = [k,SLK$,/2][P; - PEP~IK,,II[I 
+ KAP* + KEPE + KwPwl* (1) 

where k,SLI2 is the reaction rate constant in 
terms of the moles of alcohol reacted per 
unit mass of catalyst per unit of time. 

According to Gates et al. (14) and Jera- 
bek et al. (15), the reaction rate constant 
per unit mass of catalyst has a power de- 
pendence on the concentration level in the 
unit of equivalent per unit mass of catalyst, 
i.e., 

k’ = kJJC’IC&J’” (2) 

where CL,, and k; is the capacity and the 
reaction rate constant per unit mass of fully 
sulfonated catalyst. Such a dependence 
was reported for the dehydration of t-buta- 
no1 (15) and also for ethanol and methanol 
(3). If the distribution of sulfonic acid 
groups of the catalyst were assumed to be 
uniform, the reaction rate constant per 
equivalent of sulfonic acid group can be de- 
rived from Eq. (2). 

k; = k’lC’ = [k~/C~,,][C’/Cb,,]“~’ 
= k&[C’/C;a,]‘+‘. (3) 

For ethanol dehydration at 119.3”C, the 
power m in Eq. (3) was reported by Gates 
and Johanson (3) to increase with the acid 
site concentration. Based on their result 
(Fig. 9 of Ref. (3)) we assumed the power to 
increase from m - 1 to m when the acid site 
concentration is higher than a critical con- 
centration C& Equation (3) may be modi- 
fied as follows depending on the concentra- 
tion level: 

k: = kC[C~/C~,,]“~‘[C’/C~]m-z C’ 5 CA 

(44 

C’ > CL 

(4b) 

where k& is the rate constant per equiva- 
lent sulfonic acid group of the fully sulfo- 
nated catalyst. Within the limitations of the 
information, k$IL by Kabel and Johanson 
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(2) is equivalent to k&because the catalysts k:(r) = k~[C~lC~,,]“-‘[C’(r)/C~lm-2 
were almost fully sulfonated. C’(r) 5 CL (7a) 

Deactivation. When ethanol dehydration 
is catalyzed by the sulfonic acid resins, 
product water would inhibit the reaction as 
shown in Eq. (1). If the amount of water 
produced is larger than the amount diffused 
out, the reactivity of the catalyst will de- 
crease with time. Gates and Johanson (3) 
reported that the decrease in the reaction 
rate was observed for increasing conver- 
sions as the product water inhibit the reac- 
tion. It is known that when water occupies 
the sulfonic acid groups in the sulfonated 
resins two molecules of water are bridged 
between two sulfonic acid groups (16). On 
the other hand, Klein et al. (7) reported 
that water reacts with the sulfonic acid 
groups and eliminates them from aryl 
groups of the catalyst above lOO”C, and that 
the desulfonation rate depends on the sec- 
ond order of the sulfonic acid group con- 
centration (7, II ). 

k~,[C’(r)lC~,,]“-’ C’(r) > C; (7b) 

03) 

Four types of simple acid group distribu- 
tions were chosen as shown in Fig. 6. The 
local values of the acid group concentration 
and the partial pressure of each component 
in the four distributions can be expressed as 
follows. 

In this work it was assumed that a part of 
the water produced, which does not diffuse 
out but remains in the catalyst, either occu- 
pies the sulfonic acid groups or participates 
in eliminating the acid groups. In both cases 
a second order dependence of the decreas- 
ing rate of the free active sites on the sul- 
fonic acid group concentration is expected 
because C’ = C, (12, 26), i.e., 

The local acid site concentrations of the 
catalyst are given: 

(A) C’(r) = constant 0 I r 5 R, (9a) 

(B) C’(r) = B’ - D’r 0 I r % R, (9b) 

(Cl C’(r) = 

[ 

G,, r, 5 r I R, 

0 OSrSr, (9c) 

(D) C’(r) = E’r 0 I r 5 R, (9d) 

where r is the distance from the center of 
the microparticle, as shown in Fig. 7. The 
critical radius rc in Eq. (SC), within which 
the sulfonic acid groups are absent, and the 
constants for Eqs. (9b) and (d) were ob- 
tained from the relationship between the lo- 

- g = kdC’Cw = kdC2. (5) 

Acid site distribution. Since the afore- 
mentioned relationships of kinetics and de- 
activation rate are intrinsic values obtained 
from data for the sulfonic acid resin cata- 
lysts with a uniform acid site distribution, 
they can be applied to nonuniformly sul- 
fonated catalysts with the local values of 
the parameters if they were substituted 
with the proper local values depending on 
the radial position. 

(A) (B) 

-__---- r ------ r- -__-------- ~ 
I 
I I 

I 

u 
(C) CD) 

FIG. 6. Schematic diagram of acid site distributions 
in the microparticle (The overall distribution is as- 
sumed uniform over the porous resin catalyst; the 
shadowed area indicates the local distribution of sul- 
fonic groups.) 
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FIG. 7. Schematic diagram of the membrane cata- 
lyst. 

cal concentration and the total amount of 
the acid group in the catalyst. 

It is assumed that the population of the 
microparticles is constant throughout the 
membrane and that the total capacity per 
microparticle is also constant. 

CL, = I,” (1 - &,)pe’dZIHp’ 

= (1 - E,)(PlP’) 1; e’dx (10) 

where 

e’ = 
I ,“’ 4m%‘(r)pdr&-rR 3p 

= 3 I,’ y2C’(y)&. (11) 

By substituting the C’(r)s in Eq. (9) and the 
constants in Table 2a into Eq. (10) one can 
find that 

CA, = (1 - s,>(p/p’)e’. (12) 

The critical radius and constants obtained 
from above are listed in Table 2b. 

The interparticle mass transfer and the 
diffusional limitation in the macropore were 
found negligible within our experimental 
range. It can be assumed that the micropar- 
title is in a quasisteady state and that the 
transient behavior is represented by Eq. (8) 
only. The microparticle activity can be ana- 
lyzed by solving the proper differential 
equations for diffusion and reaction as fol- 
lows. 

D,i a2Pi(r) 
4 RT dr2 

+ 2 aPiCr> 
- --F/(r)=0 

r dr 1 

(i = A, E, and W) (13) 

TABLE 2a 

Constants for 
Eqs. (9)-(20) 

C’ max 5.2 
Ea 0.76 

P 1.0” 
P’ 0.36 

a Assumed. 
b Measured. 

TABLE 2b 

Constants from 
Eqs. (9)-(12) 

P 0.93 R,, 
B’ 4.0 
D' 4.0/R, 
E' 1.33/R, 

where 

Fk(r) = f;;(r) (14) 

Fb(r) = irk(r) - k&‘(r)2. (15) 

Since the reaction was induced at 1 atm and 
there were no ethanol and water initially 
the boundary conditions (B.C.) and initial 
condition (I.C.) are as follows. 

B.C. PA = 1.0 atm at r = R, (16) 

dPi 
- = 0 (i = A, E, and W) 
ar 

at r = 0 (17) 

I.C. PE, PW = 0 at t = 0, 0 I r 9 R, 

(18) 

DeA = DeE = Dew = 1.0 x 10m3 cm2/sec. 

(19) 

The reaction rate constant and equilibrium 
adsorption constants for Eq. (14) and Eq. 
(15) were adopted from Kabel and Johan- 
son (2) and listed in Table 3. 

Reaction rate. The reaction rate at each 
position of the catalyst was calculated from 
Eq. (6) using local values of the acid site 
concentration, C’(r) in Eq. (9), reaction 
rate constant, k:(r) in Eq. (7), and partial 
pressure of each components obtained from 
Eqs. (13)-( 19). The overall reaction rate 

TABLE 3 

Constants for Kinetics and Adsorption 

T, “C KA Kw KE Kx, k:,(=k*/L) x 102 

120.0 3.4 7.0 (0) 25.2 4.4 
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TIME (min) 

FIG. 8. Empirical result of ethanol conversion with 
the time (0, catalyst I; A, catalyst II). 

per gram of catalyst was calculated from 
the local reaction rate as 

R6 = 3(1 - .5&/p’) 1; yVk(y)dy. (20) 

By adjusting k’(r) and C’(r) in Eq. (6) 
with the lapse of the time, respectively, as 
Eq. (7) and Eq. (8), the reaction rate at each 
moment was calculated. Conversion was 
obtained from the reaction rate, amount of 
catalyst, and reactant feed rate. 

RESULTS AND DISCUSSION 

Ethanol conversion obtained with the 
catalyst I and II were shown in Fig. 8. At 
the beginning of the reaction, the average 
number of alcohol molecules reacted per 
equivalent of acid group per minute was 
about 0.027 (0.8% conversion), about 35% 
larger than other results (2, 3). However, 
the activity of the catalysts decreased as 
the reaction proceeded. This decrease in 
catalytic activity was supposed to be 
caused by water inhibition because water 
was not detected in the product and be- 
cause the reused catalyst, on being flushed 
with nitrogen at 120°C for 30 min, showed 
the same initial activities and deactivation. 
Conversions per equivalent were within the 
range of the decrease in the reaction rate by 
water inhibition reported by Gates and Jo- 

hanson (3) (moles of ethanol reacted/equiv- 
alents of catalysts-minutes BO.02). 

Deactivation patterns of the two cata- 
lysts were quite different, implying that the 
difference in the acid site distribution influ- 
enced the deactivation patterns. Catalyst I 
showed a maximum in conversion after the 
initial period, which was considered as the 
representative of the fresh catalyst being 
swollen by the reactant (3). After the maxi- 
mum, the conversion decreased slowly. On 
the other hand, the initial deactivation rate 
of the catalyst II was higher than the cata- 
lyst I, which implies that the local concen- 
tration of the acid groups in the catalyst II 
is higher than in the catalyst I. From the 
sulfonation conditions of the catalysts it 
can be expected that the acid site distribu- 
tion in catalyst I, which was sulfonated af- 
ter preswelling, would be uniform as the 
type A in Fig. 6. If the sulfonic acid groups 
on the outer part of the microparticles had 
been split off during the washing, the acid 
site distribution in the catalyst I will be the 
type B. On the other hand, the catalyst II in 
which the inner gelular phase is becoming 
accessible only gradually (7) will have non- 
uniform distribution of the acid group as the 
type C or the type D. 

Figures 9a and b are the numerical results 
of the ethanol conversion for the four types 
of the distributions calculated with various 
ka, m and Cf values. When there is no deac- 
tivation, i.e., kd = 0. the conversions in- 
creased with time and approached to the 
steady state values (Fig. 9a). Activity of the 
type C was the highest and it did not change 
with m and Cf because the local reaction 
rate constant of it, k&C/,,,, according to Eq. 
(7), is higher than that of the others and it 
does not change with both of the parame- 
ters. The difference in activity between the 
type C and others are more significant as m 
is larger than C; is smaller. 

According to Jerabek et al. (Z5), m is the 
number of the active sites participating in 
the rate-determining step of t-butanol dehy- 
dration. And it is known that in the ethanol 
dehydration and rate-determining step oc- 
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FIG. 9. (a) Numerical result of ethanol conversion with the time (k, = 0.0). (b) Numerical result of 
ethanol conversion with the time. (-) kd = 0.0, (---) kd = 7.0, (-.-.I kd = 40.0. 

curs between the two alcohol molecules 
bound to the adjacent sulfonic acid groups 
(3, 4, 17). On the basis of those results, we 
assumed m of the ethanol dehydration to be 
2. Figure 9b is the result with m = 2 and 
various kd and CL. For kd > 0, the deactiva- 
tion rate of the type C was faster than the 
others and after some period the catalytic 
activity was the lowest. The deactivation 
patterns and the initial activity of the type 
A and the type D were very similar, which 
means that the difference of the acid site 
distribution between the two types is not 
sufficient to explain the different deactiva- 
tion patterns of our experiment. But the de- 
activation rate of the type D was slightly 
faster than that of the type A. 

By comparing the empirical result of the 

catalyst I with the numerical results of the 
type A, B, and D, it was found that the 
distribution of the type A is more appropri- 
ate for the catalyst I than the others. The 
values of kd and CL were 7.0 (mole/g cat 
min))’ and 4.16 (meq H+/g cat), respec- 
tively. By the same way, the type C was 
more appropriate for the catalyst II than the 
type D. But, the numerical results for the 
type C, with the same values of kd and CA, 
were higher than the empirical results of the 
catalyst II. 

According to Diemer et al. (6), the num- 
ber of ensembles of the hydrogen bonded 
sulfonic acid groups, which were suggested 
as the catalytic sites of the dehydration (3, 
17), on the microparticle surface is about 
half of that at the interior of the gel phase. 
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FIG. 10. Comparison of the empirical and the numer- 
ical results of ethanol conversion (kd = 7.0, m = 2.0; 
0, catalyst I; A, catalyst II). 

This seems to be valid for the catalyst II 
since most of the sulfonic acid groups are 
believed to be located on the microparticle 
surface. If the activity of the catalyst II is 
taken as half of the internal sulfonic groups, 
the deactivation pattern becomes closer to 
the experimental data as shown by the 
curve C* in Fig. 10. Other reasons such as 
the decrease in the effective diffusivity in- 
duced by additional crosslinking due to lo- 
cal dense sulfonation (II) may also reduce 
the catalytic activity of the catalyst II. 

From this work, it is shown that the dis- 
tribution of sulfonic acid groups within the 
microparticles of the macroporous sulfonic 
acid resins can affect the deactivation pat- 
terns of the catalyst when they were used in 
ethanol dehydration at 120°C. Such deacti- 
vation patterns can be represented success- 
fully by Langmuir-Hinshelwood type reac- 
tion model combined with decrease in the 
number of the free active sites. The catalyst 
with uniform and low local acid site con- 
centration showed slow deactivation. On 
the other hand, the deactivation rate of the 
catalyst with nonuniform and high local ca- 
pacity was higher. It is suggested that the 
lower activity of the latter catalyst is due to 
acid sites on the microparticle surface being 
less active than those in the gel-phase inte- 
rior. 
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APPENDIX: NOMENCLATURE 

constant for Eq. (9b) 
sulfonic acid group concentration, g 

mole/g cat 
critical concentration of sulfonic 

acid group, g mole/g cat 
maximum concentration of sulfonic 

acid group, g mole/g cat 
proportional constant for Eq. (9b) 
effective diffusivity of component i, 

cm2/sec 
proportional constant for Eq. (9d) 
thickness of the membrane, mm 
reaction rate constant, g mole/g cat 

min 
reaction rate constant per equivalent 

of acid group, g mole/equivalent 
min 

deactivation rate constant (g mole/g 
cat min-i) 

forward specific reaction velocity, 
min-’ (2) 

kJLI2 (2) 
thermodynamic equilibrium con- 

stant, dimensionless 
Langmuir equilibrium adsorption 

constant of component i, atm-l 
total adsorption sites on catalyst, g 

mole/g cat (2) 
power for Eq. (2) 
partial pressure of component i, atm 
distance from center of the micro- 

particle, mm 
critical distance from center of the 

microparticle, mm 
reaction rate of each component, g 

mole/g cat min 
gas constant, cm3 atm/mole “K 
overall reaction rate of each compo- 

nent, g mole/g cat min 
radius of the microparticle, mm 
number of catalytic sites adjacent to 

a given site, dimensionless 
reaction time, min 
reaction temperature, “K 
dimensionless distance from center 

of the membrane, z/H 
dimensionless distance from center 

of the microparticle, r/R, 
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Z distance from center of the mem- 
brane, mm 

P r, /R/l 
&a porosity of the catalyst, dimension- 

less 
P density of the microparticle, g/cm3 
P’ apparent density of the membrane 

catalyst, g/cm3 

Subscripts 

A ethanol 
E ethyl ether 
W water 
ov overall value 
0 in the fully sulfonated catalyst 
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