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Gas-phase dehydrat,ion of 1-propanol at, 130°C has been studied on a series of differently 
cross-linked sulfonated macroporous styrene-divinylbenzene copolymers. The degree of cross- 
linking of the catalysts influences t,he values of t,he constants of t,he Langmuir-Hinshelwood 
kinetic equation and brings about changes in total dehydration rate as well as in t,he ratio of 
the products formed by parallel reactions, propene and dipropyl ether. These phenomena are 
probably due to the extensive and fast permeation of 1-propanol into the polymer mass of the 
ion exchangers and the slow permeation of both reaction products from the polymer mass; 
during permeation the ether is transformed to a different extent into propene, which results in 
changes in selectivity. These conclusions were supported by measurements of 1-propanol 
dehydration on an ion exchanger containing functional groups only on the polymer surface, 
by the study of partial poisoning of the ion exchangers with nitrogen-containing bases, and 
by measurements of the relative sorption ability of the reaction componentjs. 

INTRODUCTION 

The degree of cross-linking of ion ex- 
changers is one of the important parameters 
influencing their catalytic activity. Some 
attention has been already paid to this 
problem in the lit,erature, particularly in 
the case of liquid-phase catalytic reactions. 
The effect of cross-linking of ion exchangers 
upon their activity in gas-phase reactions 
has been the subject of only a few works. 
Prokop and Setinek (1) have cxaminrd this 
effect when studying the adsorption of 
organic substances and the catalytic de- 
hydration of alcohols, and Andrianova (2) 
reported on this effect in a study on the 
decomposition of formic acid and rstorifica- 
tion of acetic acid. Andrianova (S), 
Rodrigues and Setinek (4), and Setinck (5) 
have compared the effect of cross-linking 
for reactions carried out in both gas and 

liquid phases. The first author (3) investi- 
gated esterification of acetic acid, the 
second paper (4) dealt with reesterification 
of ethyl acetate by propanol, and the third 
one (5) studied a series of reesterifications 
of aliphatic esters by alcohols. 

The effect of the degree of cross-linking 
upon catalytic properties will obviously be 
different for standard (gellous) and macro- 
porous ion exchangers. Regarding the latter 
type of ion exchangers, it is known that 
different contents of divinylbenzrnc: cause 
changes in their texture, i.e., their specific 
surface increases with increasing degree of 
cross-linking. This is undoubtedly con- 
nected with the fact that particles of 
macroporous ion exchangers arc composed 
of spherical microparticles with free space 

between them which accounts for the 
porosity of thr catalyst. As the content of 
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divinylbenzene in the polymerization mix- 
ture increases, the specific surface of the 
polymer increases. Change in specific sur- 
fact is probably not tho only factor 
through which variation in the degree of 
cross-linking manifests itself in catalytic 
properties of ion exchangers. 

In this work we studied the cffcct of tho 
degree of cross-linking upon the selectivity 
of a gas-phase reaction catalyzed by macro- 
porous ion exchangers. We utilized knowI- 
edge of the kinetics of heterogeneously 
catalyzed reactions in which NY: used 
macroporous sulfonated styrene-divinyl- 
benzene copolymers (G-9). The same cata- 
lysts were employed in th(h present work. 
Catalytic properties of the ion exchangers 
were tested on dehydration of 1-propanol 
which proved to be a suitable reaction for 
this purpose. This branched reaction yields 
two products [propcne via reaction (A) 
and dipropyl ether via reaction (B)] in 
comparable amounts and renders it possible 
to examine both catalytic activity and 
selectivity of the ion exchangers. 

CH&H,CH,OH + 

CH&H=CHs + Hz0 (A) 

2 CH$H&H20H + 

(CH,CH,CH&O + Hz0 (B) 

EXPERIMENTAL 

Compounds used. 1-propanol p.a. 
(Lachema) was freed of low-boiling ad- 
mixtures by rectification. After drying 
over a molecular sieve it contained 0.03 
\vtyo of water. Dipropyl cthcr puriss. 
(Fluka), propcnc (Schuchardt), methyl- 
amine puriss. (Fluka), and pyridine p.a. 
(Lachcma) wre uwd without further 
purification. Kitrogcn (Tachnoplyn, 
Ostrava) was dried with a molecular sieve. 

Catalysts. Preparation of the ion cx- 
changer catalysts was rcportcd earlier (4). 
Tho macroporous styrcnc-divinylbcnzeno 
copolymers wrc sulfonatcd by cone H&!OI 
at about 100°C in the prcscnce of 1,2- 
dichlorocthanc as a swelling agent. In 

Table 1 are presented some properties of 
the macroporous ion exchangers used. 
These were dried at 100°C for 6 hr under 
a pressure of ca. 5 kPa and were stored in 
a desiccator owr phosphorus pcntoxide. 
For kinetic measurements of dehydration, 
particles with diameters from 0.3 to 0.5 mm 
were used. Tha macroporous polymer con- 
taining 60cjJ0 divinylbenzcnc was also 
sulfonatcd by gaseous sulfur trioxidc in a 
stream of nitrogen at room temperature 
(denoted as MS-60-S in Table 1). In this 
way, preponderantly the surface layers of 

TABLE 1 

Properties of Ion ISxchanger Catalysts Used 

L)esignation 1 Xvinyl- 

benzene 

content” 

(wt’/o) 

Exchange 

capacity* 

beda) 

Specific 

surfacec 

W/d 

Mercury 

density 

(g/cm”) 

Helium 

density 

k/cm31 

Rd 
b) 

MS-15 15 3.81 35 6.75 1.36 44.5 

MS-25 25 3.80 44 0.61 1.45 44.5 

MS-40 40 3.26 120 6.57 1.46 32.0 

MS-66 60 3.02 227 0..5:3 I .45 22.5 
MY-B&S GO 0.18 3 10 - 

- - 

(1 Initial content before polymerization. 

6 Determined by acidimetric titration in aqueous medium. 
c Measured by BET method with the use of n-heptaue. 
d The raditts of pores corresponding to the maximmn on a distribulion curve. Pore distribution was 

measured with a Carlo Erba mercury porosimeter. 



88 MARTINEC, SETiNEK, AND BERANEK 

the particles were sulfonated. In addition, 
sulfonation was carried out to a low degree 
to ensure minimal concentration of sulfonic 
acid groups within the polymer mass (10). 

Apparatus and procedure. Kinetic mca- 
surements of gas-phase dehydration of 
1-propanol were made with a flow appa- 
ratus. The’ reaction mixture leaving the 
reactor was passed through a loop whose 
content was fed by means of a six-way 
valve to the column of a gas chromato- 
graph. The apparatus was also used to 
measure the sorption of substances by the 
method of transient regime (11). For this 
purpose the apparatus was equipped with 
a bypass loop with the aid of which jump 
changes in concentration of a given sub- 
stance were evoked in the reactor inlet. 
Kinetics of 1-propanol dehydration and 
the sorption of reaction components were 
measured at a temperature of 130 f 0.5”C. 
The weighed amount (IV) of the catalyst 
was always 0.3 g, and the feed rate of the 
alcohol (F) varied from 0.009 to 0.107 
mol/hr. The initial reaction rates r” were 
determined from the slope of the depen- 
dence of conversion of the alcohol upon the 
reciprocal value of its space velocity, this 
dependence being linear in the range of 
conversions investigated. The selectivity 
of the reaction (S) was defined as the ratio 
of the initial rate of the ether formation to 
that, of the olefin formation (rs”/ruo). 

The partial poisoning of the ion ex- 
changers with methylamine and pyridine 
was realized by sorption of the vapors of 
these substances at room temperature. The 
amount of the sorbed bases (and thus the 
poisoned fraction of the -SO,H groups) 
was determined by measuring the pressure 
of their vapors and their volume in the 
sorption apparatus. The poisoned ion ex- 
changer was transferred quantitatively to 
the reactor in which its ratalytic activity 
was tested. 

Analytical method. Gas chromatographic 
analyses \\-ere made on an instrument 
equipped with a flame:-iorlizatiorl dctcctor 

a,t 110°C. The column (140 X 4 mm) was 
packed with By0 diglycerol and 6% poly- 
ethylene glycol on Chromosorb. Nitrogen 
was used as the carrier gas. 

RESULTS AND DISCUSSION 

Kinetics of the Reaction 

Prior to measurements of the kinetics of 
dehydration of 1-propanol, it was verified 
that conversion of the alcohol does not 
depend upon hydrodynamic conditions in 
the reactor and that mass transport to the 
external surface of catalyst particles is not 
therefore the rate-determining process. In- 
side the particles of macroporous ion ex- 
changers two types of mass transport are 
possible, i.e., in pores and in the polymer 
mass. The first will be called internal 
diffusion and the second one will be called 
permeation. The effect of internal d:ffusYon 
upon reaction rate has been excluded based 
on the fact that neither the conversion of 
I-propanol nor the selectivity of the reac- 
tion depended upon the size of the ion 
exchanger particles. D;sintegration of ion 
exchanger particles does not affect the size 
of the microparticles from which the 
particles of ion exchangers are formed and 
thus does not influence the thickness of the 
layer through which pcrmcation is taking 
place. Hence, the effect of permeation 
cannot be either proved or disproved by 
this means. 

The results of kinetic measurements 
(Fig. 1) show that the degree of cross- 
linking does affect catalytic activity. The 
rate of the olefin and ether formation is 
highest on the catalyst MS-25 and de- 
creases with further increases in the content 
of divinylbenzene, in spite of a substantial 
increase in specific surface in the same 
direction (compare Tables 1 and 2). This 
indicates that cxspecially on the less cross- 
linked ion exchangers the reaction is taking 
place to a significant extent within the 
polymer mass. The drgrrc of cross-linking 
affects also the selectivity of the dchydra- 
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FIG. 1. Dependence of initial reaction rate (moles 
per hour.kilogram) of product format,ion upon 
initial partial pressure (kilopascals) of I-propanol 
on ion exchangers cross-linked to different degrees. 
1, Propene, curve calculated according to Eq. (1); 
2, dipropyl ether, curve calculated according to 
Eq. (2). The points are experimental values. 

tion (Table 2, Fig. 2). It increases in favor 
of the ether with increasing degree of cross- 
linking and thus with increasing specific 
surface. The highest selectivity was ex- 
hibited, however, by the surface-sulfonated 
ion exchanger MS-60-S. On the basis of 
these results it is to be presumed that the 
inner layers of catalyst particles produce 
the ether less than do surface layers. 

TABLE 2 

Rate of Dehydration of 1-Propanol and Selec- 
tivity of this Reaction Depending upon t,he Degree 
of Cross-linking of Ion Exchangep 

Catalyst, TO0 rg s 
(mol/hr ‘kg) (mol/hr . kg) h:“/rOo) 

MS-15 2.05 1.10 0.54 
MS-25 2.55 ‘222 0.87 
MS-40 1.15 I .96 1.70 
MS-60 0.47 1.48 3.15 

‘k t = 13O”C, p*” = 10 kPa. 

FIG. 2. Dependence of the ratio of the rate of ether 
to olefin formation, S, upon partial pressure (kilo- 
pascals) of 1-propanol. 1, MS-15; 2, MS-25; $, 
MS-40; 4, MS-60; 5, MS-60-S. 

Experimental initial reaction rates of 
formation of both the olefin and the ether 
were correlated by a set of kinetic equations 
of the Langmuir-Hinshelwood type which 
were derived using different assumptions 
about the mode of l-propanol adsorption 
and surface reaction. The optimal valurs of 
the constants of these equations were com- 
puted by nonlinear regression procedure 
BSOLVE (IL). From the order of fit- 
ness of these equations to experimental 
data, no conclusions have been drawn 
concerning the mechanism of the reaction. 
In Table 3 is presented the dependence of 
the constants of Eqs. (1) (olefin formation) 
and (2) (ether formation) upon the degree 

TABLE 3 

Values of Constants of Kinetic Equations at 
Different Degrees of Cross-linking 

Catalyst Erl. (I) Eq. (2) 

k KA Ii KA 
(mol/hr.kg) (kfa-1) (mol/hr. kg) (kPa-1) 

MS-15 18.04 0.4.5 12.03 0.02 
MS-25 39.68 2.17 7.49 0.15 
MS-40 24.33 2.69 5.88 0.17 
MS-60 11.04 5.15 4.07 0.31 
RIS-00-S 0.03 0.063 0.23 0.04s 
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of cross-linking. These equations, with the 
assumed powers 4, 2, and 3, were found to 
fit the experimental data well. A similar 
dependence has been found for the con- 
stants of all the kinetic equations used. 

ro” = 81cKApAo/[1 + (1 + ~K.QAO)~]~ (1) 

TE’ = ~KA~AO/C~ + (KAPA’)*]’ (2) 

The value of the rate constant k in the 
numerator of kinetic equations of the 
Langmuir-Hinshelwood type depends upon 
the amount of functional groups which are 
accessible during the reaction. Hence, its 
dependence on the degree of cross-linking 
has been presumed. It is surprising, how- 
ever, that the value of the constant KA in 
the denominator of these equations in- 
creases substantially with increasing cross- 
linking. Several works (9, 13, 14) have 
shown that in the case of ion exchanger 
catalysts the constant in the denominator 
of kinetic equations of the type mentioned 
above can be identified with the equilibrium 
constant of adsorption of a given substance 

on the functional groups of the ion ex- 
changer. An increase in its value would 
mean that the chemical properties of func- 
tional groups of the ion exchanger change 
with the degree of cross-linking. However, 
JefLbek (15) has verified by means of 
sorption of ethyl acetate that the adsorp- 
tion coefficient and therefore also chemical 
properties of sulfonic acid groups do not 
depend upon the degree of cross-linking. 
This discrepancy, as well as the unusually 
high adsorption coefficient of 1-propanol 
(ca. 5 kPa-I), indicated that in the de- 
hydration of I-propanol the adsorption 
coefficient of the alcohol includes, in addi- 
tion to the occupation of catalyst sites, 
another inhibition effect of the alcohol. 

Sorption of Organic Bases 

The results of measurements of catalytic 
activity of the ion exchangers partially 
poisoned by methylamine from the gaseous 
phase are shown in Fig. 3. The isotherms of 
poisoning exhibit two distinctly separated 
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FIG. 3. Isotherms of poisoning by methylamine. zrolr the ratio of the conversion on partially 
poisoned to the conversion on unpoisoned ion exchanger; 1 - L, the poisoned fraction of t,he 

total exchange capacity of t,he ion exchanger. 1 = 130°C, p AO = 10 kPa. l , propeue; 0, dipropyl 
ether. 
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Amount of Reaction Components Sorbed on 
Differently Cross-linked Catalysts” 

Catalyst 

MS-15 
MS-25 
MS-40 
MS-60 

l-Propanol Dipropyl Propene 
(m(Ud ether hdg) 

hoi/d 
- 

1.40 0.02 0.09 
1.54 0.40 0.13 
1.51 0.58 0.17 
1.39 0.66 0.16 

(L t = 13O”C, PA0 = 10 kPa. 

regions whose existence can bc explained in 
the following way. Methylamine first oc- 
cupies the functional groups located on 
pore walls and is uniformly distributed on 
them, since they are equally acccss:ble. 
This results in a nonlinear curve (the first 
part of the isotherm) which can be cx- 
pressed approximately by a powr-type 
equation, since dehydration of alcohols 
involves several sites in the rate-dctcrmin- 
ing step (8, 9, IS). Further deactivation 
takes place only after all the surface groups 
have been poisorwd and mrthylaminc 
begins to pcnotratc to thr innw laycw of 
the polymer mass. 

The measurements of thr catalytic 
activity of the ion exchangers poisoned by 
pyridinc have revcalcd that the poisoning 
of a thin layor of the polymer mass (ap- 
proximately 2570 of the functional groups, 
which corresponds to 10% of the radius of 
the microparticles constituting a particle of 
macroporous ion exchanger) complrtrly 
inhibits tho rraction. This means that the 
reaction components of the dehydration of 
1-propanol arc no longer capable of penctra- 
tion through the poisoned zone. Thus, the 
resistance to pcrmcation incrcasrs by the 
sorption of substances within the polymer 
mass, an important role being played by 
the size of the molecules of the substance 
sorbed. Pyridinc! with relatively bulk) 
molecules is able to suppress permeation 
complrtely, while permeation is still realized 
through the layer poisoned by methylaminc. 

Measurements of the sorption of reaction 
components by the method of transient 
regime at the reaction temperature (Table 
4) have sho\vn that 1-propanol is sorbed 
much more than arc’ the rcartion products 
and that the amount of the alcohol sorbed 
dws not dcpcxnd c>sscntially upon the degree 
of cross-linking of the ion exchanger. This 
means that 1-propanol pwmcatcs through 
the polymer mass much more easily than 
do the reaction products. In contrast to 
1-propanol, the reaction products are ob- 
viously sorbed in the surfaw layers of ion 
exchangclr microparticles. 

Permeability of the Polymer Mass of the 
Catalyst 

All the facts discussed so far can be inter- 
prctcxd in a consistent way. First, one 
should talw into account that the reaction 
proceeds not only on pore walls, i.c., on 
thr surface of microparticlw, but also in 
microparticlrs, i.r., within the polymer 
mass of tho ion cxchangrr. Under these 
circumstancrs, the rat0 of permeation of 
thr rclaction components through the poly- 
mer mass is an important factor influrncing 
thr ovrrall catalytic activity of the ion 
cxchangcw. As far as the reaction rate to 
permeation rate ratio is concerned, three 
casts are to br rxpwtctd: 

I. P(lrmctation of substances is much 
slowr than tho rate of the rraction. The 
rc>act,ion then proceeds only on the walls of 
porrs of macroporous ion exchanger, and 
the activity is proportional to specific 
surface (i.o., to thr number of the groups 
rradily accrssible from gas phase). Selcc- 
tivity of thr wartion is not affrctrd by 
pwmration. 

II. Permeation of substances proceeds 
much faster than does the reaction. In such 
a case the reaction occurs in the polymer 
mass as a whole; concentration gradients 
are not formed and the act.ivity does not 
drpcnd upon thr specific surface of the ion 
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exchanger. The selectivity of the reaction 
is not influenced by permeation. 

III. Permeation and reaction proceed at 
comparable rates. In this case concentration 
gradients are formed in the polymer mass 
or only a certain layer of the polymer mass 
is catalytically active. Selectivity of the 
reaction can be influenced by permeation. 

From the results described in the present 
work it follows that the dehydration of 
1-propanol is taking place within the 
polymer mass and does not therefore belong 
to group I. Catalytic activity decreases 
with increasing specific surface of t,he ion 
exchanger, and the selectivity of the 
reaction varies with the degree of cross- 
linking (influencing permeability). Hence, 
the reaction cannot be classified as belong- 
ing to group II. It belongs to group III. Its 
rate is comparable to the rate of permea- 
tion, and concentration gradients are 
formed in the polymer mass, or only a 
certain layer of the polymer mass is efficient 
(reaction zone). The thickness of this layer 
must increase with increasing permeability. 
In harmony with this, the catalytic activity 
increases with decreasing degrees of cross- 
linking. In the dehydration of 1-propanol 
the permeation of the products from the 
inside of the polymer mass to pore walls is 
obviously rate determining, s:nce permea- 
tion of 1-propanol is faster. Under these 
conditions the molecule of dipropyl ether is 
not released immediately to the gas phase 
after its formation, and during permeation 
to pore walls it has the opportunity to react 
further. We have found experimentally 
that dipropyl ether reacts on the ion 
exchangers at 130% to form propene and 
1-propanol according to reaction (C). 

(CH,CH,CH&O -+ 

CH&H&H20H + CHsCH=CHz (C) 

The values of the initial reaction rate of 
this reaction on the MS-40 ion exchanger 
are presented in Table 5. From comparison 
of these data with those of Table 2 and Fig. 

TABLE 5 

Initial Rate of the Reaction of Dipropyl Ether 
[Reaction (C)] at Varying Partial Pressures& 

pd (kPa) 5.1 10.1 20.3 30.4 40.5 
fl (mol/hr.kg) 2.29 1.93 1.70 1.37 1.64 

a Catalyst, MS-40; t = 130°C; space velocity of 
the ether, 58.8 mol/hr . kg. 

1, it becomes evident that dipropyl ether 
reacts at a rate which by its order of mag- 
nitude is comparable to the rates of l- 
propanol conversion to the ether and to 
the olefin. The assumpt,ion about its trans- 
formation during permeation through the 
polymer mass is thus justified. The succes- 
sive reactions of dipropyl ether explain the 
earlier-discussed lower selectivity of the 
inner layers of the polymer mass of the ion 
exchanger. If we exclude permeation of 
dipropyl ether through the inner layers of 
the polymer mass by using the surface- 
sulfonated ion exchanger MS-60-S, we ob- 
tain the highest selectivity with respect t,o 
ether formation (Fig. 2). It should be 
noted that on poisoning the surface groups 
of the ion exchangers by methylamine the 
selectivity with respect to ether formation 
is not reduced (Fig. 3), as could have been 
expected from the greater efficiency of the 
surface layers with respect to ether forma- 
tion. This fact is explicable by the above- 
mentioned concept of the reaction zone. 
By poisoning a certain layer of the polymer 
mass with methylamine, the reaction zone 
is only shifted deeper into the microparticle 
of the polymer mass, and the selectivity is 
not changed. 

The high value of the constant in the 
denominator of the kinetic equations indi- 
cates that the alcohol exerts a strong 
inhibiting effect. From the study of the 
poisoning of catalysts by pyridine, it fol- 
lowed that the adsorpt,ion of pyridine in 
the polymer mass decreases the permea- 
bility of the reaction components of the 
dehydration of I-propanol. The adsorbed 
1-propanol should decrease permeability in 
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FIG. 4. Cross section of the ion exchanger micro- 
particle (schematic). R2, micropart,icle radius ; RI, 
radius of inactive nucleus; z, geometrical coordinate; 
cA and ca, concentrations of the alcohol and the 
product in the polymer mass, respectively. 

a similar way. As the concentration of 
1-propanol within the polymer mass in- 
creases, the permeability of dehydration 
products probably decreases and their con- 
centration gradients become more im- 
portant. Because of this, the thickness of 
the active layer of the polymer mass of the 
ion exchanger diminishes (the nucleus 
within the microparticles of the polymer 
mass, which is saturated by the products 
and t.hus inactive, enlarges). This inhibiting 
effect of the alcohol should manifest itself 
more distinctly on the more highly cross- 
linked ion exchangers which possess a more 
tightly knit macromolecular skeleton. This 
inhibition by the alcohol is obvious11 

demonstrated by the high value of the 
constant in the denominator of the kinetic 

equations and by its increase with the 

degree of cross-linking. In the case of the 

surface-sulfonatcd ion exchanger, the pcr- 

mration of the products through the 
polymrr mass cannot influence the reaction, 

and the mentioned inhibiting effect of 

I-propanol does not occur. The value of 
the adsorption coefficient of 1-propanol 

determined kinetically (in hundredths of 
a reciprocal kilopascal) corresponds to this 

expectation, in accordance with literature 
data on adsorption of the alcohol on ion 

exchangers (13, 14). 

Simplified Model of Performance of the 
Catalyst 

Whcthcbr the apparwt valw of tho ad- 
sorption corfficicnt of thr alcohol in the 
Langmuir-Hinshclwood equation can be 
incrrascd dw to slow permeation of the 
product from microparticles of the ion 
c>xchanger can be verified by using a 
simplified model of the performance of the 
catalyst. In deriving this model we will 
assumr only one of the two parallel reac- 
tions of the alcohol, e.g., formation of the 
olefin, and introduce the assumption that 
there arc concentration gradirnt#s in the 
microparticle which can lead to the forma- 
tion of a certain region within the micro- 
particle that does not participate in the 
reaction since it is fully saturated by the 
products. For the sake of simplicity we will 
further assume that the boundary between 
the inactive nucleus of the spherical non- 
porous microparticle and its external layer 
(in which the reaction is taking place) is 
sharp. The reaction zone is thus delineated 
by the radii R, and Rz (Fig. 4). On account 
of the great permeability of 1-propanol, its 
concentration CA is the same at each place 
of the reaction zone. The product concm- 
tration ca decreases from the value ca,,,,ax on 
the boundary betwwn the reaction ZOIN 
and the inactive nucleus to a value of 
ca = 0 on the external surface of micro- 
particlrs (the particle is surrounded bj- 
pure I-propanol). A further simplifying 
assumption is that the reaction rate is the 
same at each point in the reaction zone, 
i.e., it is independent of the product con- 
centration. This s:tuation is schematically 
depicted in Fig. 4. The density of the 
permeation flux of the product (moles per 

square centimeter. second) through the 

reaction zone is proportional to the concen- 
tration gradient of the product in the 
reaction zone along the radius of the micro- 

particles [-B (&R/O%)], analogous to the 
Fick law; the constant of proportionality B 
is the pcrmcation corfficic~nt. 
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Sow one can calculate the value which 
the reaction rate \vill acquire in the micro- 
particle of the ion exchanger at various 
partial pressures of the alcohol in the gas 
phase if this rate is influenced by slog 
permeation of the product from the polymer 
mass. The pairs of r-p.4 values can be then 
treated by a simple Langmuir-Hinshelwood 
equation, and the constants obtained can 
bc compared with those found by treatment 
of the data not influenced by permeation. 
The procedure will be demonstrated on the 
ion exchanger MS-60 as an example. From 
Fig. 3 it can be deduced that, of the total 
exchange capacity I’, around 309& of the 
functional groups are readily accessible on 
the surface of the microparticle, and the 
reaction proceeds on these groups without 
being affected by permeation, The remain- 
ing 707o of the functional groups are 
located within the polymer mass. The total 
experimental reaction rate is then the sum 
of the rate on the surface functional groups 
(which equals 0.3 Vr whcrc r is the reaction 
rate related to unit exchange capacity I’) 
and the rate within the rraction zone which 
is set by the radii RI and Rz. This zone does 
not contain, however, the remaining 0.7 I- 
of functional groups, but only that’ part 
which is given by the ratio of the volume 
of the reaction zone, (f)u(RT3 - R13), to 
that of the whole microparticle, (+)rRt3, 
i.e., 0.7 V [l - (R1/R2)3]. The total rcac- 
tion rate rtot is expressed by the relation 

rtit = 0.3Vr + 0.7Vr[l - (R1/R,)3]. (3) 

In order for the total reaction rate at 
different partial pressures of the alcohol 
around a microparticle to be calculated, the 
dependence of the size of the reaction zone 
(i.e., the value of the RJR2 ratio) upon the 
partial pressure of the alcohol around the 
microparticle should be determined. By 
integration of the steady mass balance of 
the product (the rate of formation of the 
product equals the rate of its withdrawal 
by permeation), which is expressed by the 

($),r(z” - R13)csr = -B~47r~~(d~1t/dz) (4) 

(cs is the concentration of functional 
groups in unit volume of the reaction zone), 
with the USC of the boundary conditions 
CR(RI) = CR,max and cR(R2) = 0, the fol- 
lowing equation has been obtained: 

(&)csr(R1/Rd3 - (~)csr(R~/R$ 

+ (&sr - ~C~.n,nx/&~ = 0 (5) 

From the results of the study of poisoning 
by pyridine it can be concluded that the 
permeation resistance of the polymer mass 
increases with the amount of another sub- 
stance sorbed, i.e., with the partial pressure 
of this substance. The permeation coeffi- 
cient R of the product in the reaction zone 
thus decreases obviously with increasing 
partial prcssurc of the alcohol. We have 
assumed that this follows an exponential 
dcpcndcncc according to the equation 

B = R" eXp(- apA), (6) 

whcro R is the pcrmration coefficient, Iz” is 
the permeation coefficient at zero partial 
prrssure of 1-propanol, and a is a constant. 
To cxpross the dependence of the reaction 
rate on the partial pressure of the alcohol 
we have used the simple kinetic equation 

r = IcKAPA/(I + KA7)A)'. (7) 

By combining Eqs. (s)-(7), the relation- 
ship between the RJR2 ratio and the partial 
pressure of the alcohol in the gas phase was 
obtained and solved numerically for csti- 
mated values of the parameters R”, a, CS, 
cs,,,,nx, and Rz and of the constants of rate 
Eq. (7) (see the legend to Fig. 5). With the 
use of Eq. (3) total reaction rates were 
calculated for a set of selected partial 
pressures of the alcohol in the gas phase. 
The results are graphically represented in 
Fig. 5. The reaction rates influenced by 
permeation (curves 2 and 3) are dstinctly 
lower than those without the effect of 
permeation (curve 1). Curves 2 and 3 have 
their maxima shifted to the lower values 
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FIG. 5. Calculated dependence of reaction rate 
rtot (moles per hour 1 kilogram) upon partial pressure 
(kilopascals) of the alcohol. Parameters used in 
Eqs. (3), (5), (6), and (7): V = 3 mol/kg; es = 4.5 
mmol/cma of ion exchanger mass; cnmar = 0.1 
mmol/cma of ion exchanger mass ; RLT = 1 X 10eB 
cm; k = 1 X 10-a mol/s.mol of SOaH; KA = 0.05 
kPa+. 1, Calculated without permeation effect 
(RI/R2 = 0) ; d, the effect of permeation is expressed 
by parameters in Eq. (6): B0 = 4 X lo-r6 cmt/s, 
a = 0.276 kPa-i; 8, parameters: Bo = 1 X lo+ 
cm*/g, a = 0.115 kPa-1. 

of the partial pressure of the alcohol, similar 
to the experimental curves of the olefin 
formation shown in Fig. 1. By regression 
treatment of curve 3 in Fig. 5 by means of 
the Langmuir-Hinshelwood Eq. (7), the 
following values of the constants k and KA 
were obtained : k = 7.7 mol hr-’ kg-l 
(10.8 mol hr-1 kg-’ in the absence of 
permeation effect), and KA = 0.13 kPa-’ 
(0.05 kPa& in the absence of permeation 
effect). It is seen that the KA values in- 
creased 2.6 times on account of the permea- 
tion effect. This increase in KA agrees 
qualitatively with the experimental re- 
sults. This means that the concepts used in 
deriving the above model, although con- 
siderably simplified, are close to the real 
situation. 

Dehydration of 1-propanol in the gas 
phase catalyzed by macroporous sulfonated 
styrene-divinylbenzene copolymers is 
therefore an example of the system in 

which the reaction rate is comparable with 
the rate of permeation of the reaction 
components through the polymer mass. 
The rate of formation of products is 
affected by mass transport whose rate 
depends on the degree of cross-linking of 
the ion exchanger copolymer. That is why 
this affects both the activity and the 
selectivity of the catalyst. 
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