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Kinetics of methanol dehydration catalyzed by sulfonated macroporous poly(styrene-divinyl-
benzene) was measured with a packed bed flow reactor operated at 1 atm and 77—107°C. Data were
obtained for a set of catalysts with systematically varied crosslinking, average macropore diameter,
and surface area. The results demonstrate that swelling and diffusion effects were negligible. A
single form of Langmuir—Hinshelwood rate equation represents the data for all the macroporous
catalysts and also a gel-form catalyst. Comparison of intrinsic rate constants showed that surface
sites are less active than sites in the polymer gel interior.

INTRODUCTION

Macroporous ion-exchange resins can be
prepared with a wide range of physical
properties, allowing control of the swell-
ability of the polymer matrix, the rates of
reactant and product transport, and the in-
trinsic catalytic activity. The macroporous
resins consist of agglomerates of nearly
spherical microparticles of gelular polymer,
separated by macropores. In an accom-
panying article (/), we reported character-
ization of a series of macroporous sulfonic
acid resins for catalysis of the reester-
ification reaction of ethyl acetate with n-
propanol. The data were represented by a
model accounting for diffusion in macro-
pores, Langmuir adsorption on microparti-
cle surfaces, diffusion/swelling in micropar-
ticles, and reaction in the microparticles.

In this work, complementing that men-
tioned above, the goal was to consider the
influence of polymer physical properties on
the intrinsic catalytic activity of a macropor-
ous sulfonic acid resin. Methanol was cho-

1 Present address: E. I. du Pont de Nemours and
Co., Belle, W.V. 25015.
2 To whom correspondence should be addressed.

sen as the reactant because it is a small,
polar molecule expected to swell the poly-
mer effectively, possibly allowing catalysis
to occur in the absence of significant intra-
particle concentration gradients. Kinetics
of the methanol dehydration was measured
with a set of catalysts having systematically
varied physical properties (crosslinking, av-
erage macropore diameter, and surface
area) to allow an assessment of the diffusion
and swelling influence (2). The conditions
of the catalytic reaction experiments were
chosen to be similar to those of researchers
who had previously characterized gel-form
(‘‘microporous’’) sulfonic acid resins (3, 4)
and macroporous resins (5); a specific goal
was to compare the intrinsic catalytic ac-
tivities of our resins to theirs, and explain
the difference in terms of the polymer phys-
ical properties.

EXPERIMENTAL

Materials. The catalysts were sulfonated,
macroporous copolymers of styrene, divi-
nylbenzene, and ethylvinylbenzene, the
properties of which are given in Table 1 of
the accompanying article (/). Certified
ACS reagent grade methanol was supplied
by Fisher, and industrial grade helium (~15
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ppm H;0, 99.995% pure) was supplied by
Linde.

Apparatus. Initial reaction rate data for
the reaction of methanol to give dimethyl
ether and water were determined with a
thermostated, packed-bed flow reactor, in-
terfaced to the sampling valve of a gas chro-
matograph (GLC). Differential conversions
were determined for pure methanol, metha-
nol-water, and methanol-helium feeds at
atmospheric pressure and 77-107°C. These
mixtures were vaporized and mixed in a 20-
cm-long by 1.25-cm-0.d. heated vertical
stainless-steel tube packed with 3-mm-
diameter glass beads.

The reactor was a vertical (downflow)
stainless-steel tube, 2.5cmini.d. and 41 cm
long, encased in an electric furnace with a
temperature control loop. The catalyst bed
length was approximately 1 cm, and a ther-
mocouple probe extended down to within 2
cm of the top of the bed. This probe temper-
ature was controlled with a precision of
+0.5°C.

The reactor exit tube and the gas sam-
pling valve were heated to prevent conden-
sation of product vapors. The GLC column
was a 2-mm-i.d., 2-m-long glass column
containing Porapak P (80/100 mesh) and
temperature programmed with a 2-min ini-
tial hold at 75°C followed by a 20°C/min
ramp to 155°C. A flame ionization detector
was used.

Procedure. Liquid feed mixtures were
metered with a syringe pump. Helium flow
rate was measured with a soap film flow
meter. Conversions were calculated from
dimethyl ether-to-methanol chromato-
graphic peak area ratios. Water was not
detected. Repeated analyses (usually four)
were obtained at steady state for each ex-
perimental condition. Periodic conversion
checks confirmed the absence of catalyst
deactivation.

Evaluation and errors. Rates of dimethyl
ether formation were calculated from differ-
ential conversions and feed flow rates. No
side reactions were observed. Experimen-
tal error in GLC analyses and flow rate data
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indicated that the reported reaction rates
are precise to within +10%, except for data
obtained with feeds containing >40 mole%
water or data obtained at temperatures
<80°C. Details of the apparatus and proce-
dures are given elsewhere (6).

RESULTS AND DISCUSSION

The observed rates of methanol dehydra-
tion catalyzed by the macroporous resins
are shown in Fig. 1. The activities of the
various catalysts are similar, suggesting
that the resins were completely swollen
with reactant and that transport processes
did not significantly influence the rates.

The rate data for all four catalysts (ob-
tained with pure methanol feed) are col-
lected in an Arrhenius plot (Fig. 2) where
they are compared with literature data
(4, 5). The catalytic activities of our poly-
mers are less than those of the polymer
catalysts of previous studies, indicating that
methanol dehydration rates can be
influenced by large changes in the physical
properties of the polymer catalysts.

We proceed to analyze the catalytic reac-
tion rate data, first establishing that trans-
port effects are not significant for our
resins. The analysis is built upon the model
for swellable micro/macropore catalysts
developed in the accompanying article (/).
Details of some of the following calcula-
tions are given elsewhere (6) along with
calculations (by standard methods) demon-
strating the absence of signficant tempera-
ture gradients and of concentration gradi-
ents external to the catalyst particles.

Earlier experiments with methanol dehy-
dration catalyzed by gel-form sulfonic acid
resins and membranes (3, 4, 7) demon-
strated the absence of an effect of catalyst
particle size on rate—and therefore the ab-
sence of significant resistances to transport
of reactants and products in the polymer
matrix. The results of the reported experi-
ments are consistent with a Langmuir—Hin-
shelwood model, whereby the rate-deter-
mining step is the reaction of two methanol
molecules hydrogen-bonded to neighboring
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FiG. 1. Initial rates of methanol dehydration catalyzed by macroporous sulfonic acid resins. The
upper curve is for methanol-helium mixtures, and the lower curve is for methanol-water mixtures.
The curves are the fits to the data given by Eq. (21) with the regression parameters of Table 4. The

experimental values are: O, catalyst A; A, catalyst B; W, catalyst C; [J, catalyst D.

-SOzH groups present in a hydrogen-
bonded network of —SOzH groups; water is
a reaction inhibitor (3, 4, 7).

Using these results as a basis, we repre-
sent the intrinsic kinetics as second-order in
chemisorbed methanol and apply the model
developed earlier (/) to account for the ef-
fects of swelling and transport. The relevant
equations are the following [with the no-
menclature given previously (/), and the
new subscripts m, w, and e denoting metha-
nol, water, and ether, respectively]:

T pobs
C: ) €, 2 ]1/2
[ 2[4 kDC, (2 S eﬂ) dc,
= - (D
d.°
(_g_)(l . 6#5)_1/2
€ = 0qCun’® + 04,Cy® + 0.Cus. (2)
€p = 0Cum + 0y Cruw + 0Che. (3)
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TABLE 1A

Calculated Reaction Rate
Ratio—Catalysts C and D
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Fic. 2, Arrhenius plots: comparison of activities of
sulfonic acid resin catalysts for methanol dehydration.
The rates were determined at a methanol partial pres-
sure of 1 atm. The lines were obtained by linear regres-
sion of the experimental values. (1) This work, (2)
Gates and Johanson (4), (3) Thanh et al. (5).

In Eq. (1), the integral is over reactant
concentration in the microparticles, and
7.00s 1S the rate that would be observed just
outside a microparticle; the rate is given per
unit volume of microparticle. The observed
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rate in moles/{equiv. of —SO;H groups - s)
is found by taking into account the contri-
butions of all the microparticles from the
macroparticle center to its surface:

= nMR(CMS)
obs OPM 1I2
[2 CC“; D;V,(C)R(C)dc]
= Gpm(dn]® )
R(C) = ruops(1 — ey. (6)

The rate per —SO3zH group is preferred be-
cause there are differences in the —SO;H
group contents of the various catalysts
1,4, 5).

Our macroporous catalysts have been
prepared with systematic variations in
physical properties, and we evaluate the
effects of these variations one at a time by
selecting appropriate pairs of catalysts. For
example, catalysts C and D have similar
microparticle properties but different mac-
ropore diameters (Ref. /, Table 1). We rec-
ognize four classes of transport limitations
in the macropores and microparticles, de-
noting each with a Roman numeral:

(I) There are no appreciable macropore
or microparticle concentration gradients in
either catalyst.

(II) Gradients of each type are apprecia-
ble in both catalysts.

(II) Gradients of each type are
significant in D, with only microparticle
gradients significant in C.

(IV) Only microparticle gradients are
significant in either catalyst.

For these four cases, the respective ra-
tios of the observed rates of methanol dehy-
dration for the two catalysts, namely
(r e/ (Fopdps can be evaluated by means
of Egs. (1), (5), and (6). For case I this ratio
reduces to unity; in the other cases, the
equations can be simplified, and the ratios
expressed as follows:

(rops)c — (Fu)c

C I:
B Tado . (Fdo

M
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The diffusivities of reactants in the macro-
pores are independent of reactant concen-
tration (6), and therefore the ratios of ob-
served rates are approximately independent
of concentration.

For each case, the ratios of rates were
evaluated using estimates of the physical
properties, and the results are collected in
Table 1A. The unknown factor (fo/fp)'/? for
case IIT in Table 1A is estimated to lie
between 0.7 and 1. The observed ratios of
rates for the catalyst pair are summarized in
Table 1B; comparison of the calculated and
observed ratios confirms that significant
macropore concentration gradients are ab-
sent, although the result from case IV sug-
gests the possibility that appreciable micro-
particle gradients may exist.

(11)

(12)

TABLE 1B

Observed Reaction Rate Ratio—Catalysts C and D

T Pm Pw (robs)C/(robs)D
°O) (atm) (atm)
106 1.00 — 1.01 = 0.07
90 1.00 — 1.17 = 0.17
78 1.00 — 0.89 = 0.20
106 0.10 — 0.94 = 0.16
106 0.90 0.10 092 = 0.11
106 0.57 0.43 0.86 = 0.29
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These conclusions apply to the other
catalysts as well, since they have similar
activities and similar macropore structures.
We now proceed using the simplification
that macropore gradients are negligible.

The catalyst pair A and C is appropriate
for diagnosing the influence of microparti-
cle surface area on catalytic activity, since
these two catalysts are similar in all but this
property. An effect of surface area on activ-
ity might be an indication of differences in
activity of surface acid groups compared
with those in the microparticle interior.

Again we recognize four classes of cata-
lyst behavior:

(I) There are no significant microparticle
concentration gradients or effects of surface
area.

(II) There are significant effects of sur-
face area but no microparticle gradients.

(III) Microparticle concentration gradi-
ents and the effects of surface area are ap-
preciable.

(IV) There are no effects of surface area,
but there are significant microparticle con-
centration gradients.

In evaluating the ratios of rates associ-
ated with these four cases, we need to esti-
mate partial molar volumes and adsorption
equilibrium coefficients to calculate surface
adsorbate concentrations. The correct
values were bracketed using the limiting
cases: (1) as K;— 0, 7 = Dsamrated liquia @0d
(2) as K; = ©, b — 0,,, as calculated from
the resin hydration data of Lal and Douglas
(8). The rate ratios (rgps) o/ (Fons)c for the four
cases can then be found by application of
Egs. (1)-(4). For case 1 these equations
result in a ratio of rates equal to unity; for
the other cases the results are:

(Tobs)a _ (Fpa

Case II: Tade ~ (e (13)
. (Fovs)a — (Fua

Case III: Gade ~ (Fue (14)

Case IV: (Fons)a _(F)a (15)

(robs)C B (Frv)c
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where
Fll = [D( Cus)ll2kll2cuseﬂs(1 — eus)1/2/
(2 — €,5d,%p,"] (16)

Fp= [Dmkl/zcuss/ze#s(l — G#s)uz /
(2 — €,5d,%p,°] (A7)

FIV = [(du.oopp.o)_l]' (18)

These ratios were evaluated, and the
results of the calculations appear in Table
2A. For cases II and III the ratios (k,/kc)'?
may not be unity because of the expected
involvement of more than one -SOzH
group per catalytic site (3, 4, 7). For the
lower surface-area catalyst C, with a larger
percentage of —SOgH groups in the micro-
particle gel interiors, it is expected that the
number of —SOz;H groups available for hy-
drogen bonding is greater, meaning a
greater number of ensembles of —-SOzH
groups, and therefore a larger intrinsic rate
constant for C, and ratios of rate constants
for cases II and III slightly less than unity.
In any event, it is evident from a compari-
son of the calculated and observed ratios of
rates (Tables 2A and 2B) that the effects of
internal microparticle surface area on
catalytic activity are negligible and that
microparticle concentration gradients may
be neglected in these lightly crosslinked
catalysts.

To determine the influence of microparti-
cle crosslinking for more highly crosslinked
polymers, we compare catalysts A and B,
which are 8 and 16% crosslinked, respec-
tively. There are two remaining classes of
transport behavior to be considered.

TABLE 2A

Calculated Reaction Rate Ratio
at 106°C—Catalysts A and C

Case (robs)A/(robs)C
I 1.0
1I (5.0-12) [ka/kc?
111 (7.6-18) [kn/kc]?
v 2.2
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TABLE 2B

Observed Reaction Rate Ratio—Catalysts A and C

T Pm Pw (robs)A/(roIaS)C
°C) (atm) (atm)
106 1.00 — 1.05 = 0.06
91 1.00 — 0.93 £ 0.13
78 1.00 — 1.14 = 0.13
106 0.10 — 1.08 = 0.15
106 0.90 0.10 1.02 + 0.12
106 0.57 0.43 1.70 = 0.98

(D) Crosslinking has no effect on activity.

(II) There are significant microparticle
concentration gradients for the more highly
crosslinked catalyst.

The ratios of the rates again have been
found by application of Egs. (1)-(4) using
the limiting values for § and K; mentioned
above. The ratio of rates for case I reduces
to unity and for case I1 it is approximated as

. (rons)a (2)(Fp)a
C II: -2 =
ase (robs)B (Fys (19)
where
FII = [(D(Cﬂs))lﬂkllzcﬂse#s(l — eus)lm/
(2 — €,9d,%p,NC,s — C,91". (20)

The ratios were evaluated and the results
appear in Table 3A. The unknown factor
(fa/fe)' for case II in Table 3 is estimated
to lie between 0.7 and 1.0. The ratio of the
rate constants (k,/kp)'”?> may not be unity
because of possible differences in the struc-
tures of catalytic sites in catalysts of differ-
ent crosslinkings. In the accompanying ar-
ticle (Ref. I, Table 4) it was shown that

TABLE 3A

Calculated Reaction Rate Ratio at
106°C—Catalysts A and B¢

Case (robs)A/(robs)B
I 1.0
I (2.3-2.4) (ka/ke)"*(fu/ fo)**

% Note: f = (C.2 — C.9.
73
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TABLE 3B

Observed Reaction Rate Ratio—Catalysts A and B

T Pnm Py (robs)A/(robs)B
°C) (atm) (atm)

106 1.00 — 1.00 = 0.08
106 0.45 — 0.92 = 0.11
106 0.10 — 0.96 + 0.12
92 1.00 — 0.63 = 0.06
78 1.00 — 0.90 = 0.15
106 0.90 0.10 1.06 + 0.12
106 0.55 0.45 209 £ 1.13

these differences could result in a higher
intrinsic rate constant for the more highly
crosslinked catalyst and therefore in a ratio
of rates for case II closer to unity. With this
result, after comparison of calculated and
observed ratios of rates we find it impos-
sible to judge whether appreciable resis-
tances to transport exist in the microparti-
cles of catalyst B.

If we assume that there were no sig-
nificant resistances and therefore that in-
trinsic Kinetics was observed, then a single
rate expression should correlate all kinetics
data for all the catalysts. If the data for
catalyst B do not fit this expression, then it
can be concluded that significant micropar-
ticle concentration gradients were present
in this catalyst.
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Therefore, a number of Langmuir-Hin-
shelwood rate expressions were compared
with the kinetics data for each catalyst us-
ing nonlinear regression techniques (9).
Three rate equations, statistically indistin-
guishable, emerged as best fitting all the
data:

_ K,Pn z
= k(l ¥ K. P, + Kwpw> (21)
F= T (KaP) + KoPE (PP
. k KinPry (23)

T {1+ KpPo + Ky Py)

[The units of r are mol/(equiv - s).] Fig. 1
shows the fit of Eq. (21) (other fits are al-
most indistinguishable) to data obtained at
106°C and 1 atm. Two curves are shown,
one for methanol-helium mixtures and one
for methanol-water mixtures. Since all the
data are adequately described by the same
rate expressions, we infer that microparti-
cle diffusion effects are negligible for even
the most highly crosslinked catalyst.
Literature data obtained with an 8%-
crosslinked gel-form resin at 119°C were
fitted to Eq. (21) (3, 4), whereas data ob-
tained for a macroporous polymer at 150°C
were fitted to Eq. (22) (5). The temperature
106°C was chosen for comparison of the

TABLE 4

Comparison of Rate Equations and Parameters with Literature Data

This Gates and Thanh
work Johanson (4) et al. (5)
Pressure (atm) 1 1 1
Temperature range (°C) 77-106 80-120 111-150
Eq. (21) Parameters at 106°C
k (mol/s - equiv) 2.3+ 0.1) x 10— 9.4 x 10* 3.1 x 104
K., (atm™?) 153 1 18
K, (atm™) 63 + 15 11 Not measured
Eq. (22) Parameters at 106°C
k (mol/s - equiv) (3.7 = 0.4) x 10~* — 4.5 x 10
K, (atm™1) 8.6 + 3.0 —a 15
K, (atm™?) 17+3 —a Not measured

¢ No fit found.
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present data to these literature data, and the
equation parameters were obtained as fol-
lows. For the data of Thanh et al. (5), pa-
rameters were extrapolated using the Ar-
rhenius and van’t Hoff equations. The
paper by Gates and Johanson (4) provided
estimates of K, and K, over the range 100-
120°C, and interpolation with the van’t Hoff
equation yielded estimates for 106°C. An
Arrhenius plot of their data (Fig. 2) gave
an apparent activation energy of 24.4
kcal/mole. This value was used to adjust
the Gates and Johanson rate constant to
106°C; the value is in excellent agreement
with the result obtained in this work (Fig.
2), 23.9 = 0.7 kcal/mole.

To compare all the data using both Egs.
(21) and (22), the rate parameters for one
equation were used to generate rate-partial
pressure values, which were then fitted to
the other equation. For example, the Thanh
et al. parameters for Eq. (22) were used to
generate rate-partial pressure values subse-
quently fit to Eq. (21). It was found that the
values of Gates and Johanson generated in
this manner from Eq. (21) could not be fit
adequately to Eq. (22).

A summary of the resulting rate equa-
tions is given in Table 4. The comparison
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shows that the results of the present work
and that of Thanh ez al. (who also used a
macroporous catalyst) are in rough agree-
ment, as indicated by all the parameter
values, but these differ markedly from the
results of Gates and Johanson, who used a
gel-form catalyst.

The properties of the catalysts used by
the three sets of investigators are compared
in Table 5; they suggest an explanation for
the observed rate differences. In the
present work and that of Thanh et al., the
macroporous resins used had high surface
areas and large fractions of the -SO;H
groups present on surfaces; in contrast, the
gelular resin of Gates and Johanson had
virtually all of the acid groups present
within the polymer gel. The constants K,
and K, are larger for the macroporous
resins than for the gel, suggesting that the
polar molecules are preferentially associ-
ated with surface acid groups rather than
those in the interior. On the other hand, the
intrinsic rate constant is higher for the gelu-
lar resin; since both Egs. (21) and (22) sug-
gest rate-limiting reaction steps involving
two adsorbed methanol molecules, we infer
that the interior (gel-phase) —SOsH groups
are more active because they have roughly

TABLE 5

Comparison of Key Resin Properties

This work Gates and Thanh
Johanson (4) et al. (5)
Microparticle density
(g/cm®) 1.41-1.50 1.45 1.45%
Microparticle surface
area (m?/g) 11-24 0.083¢ 49
Crosslinking
(wt% DVB) 8-16 8 25
Average microparticle
diameter (A) 1670-3870 5,000,000 840°
Concentration of acid
groups (meq/g) 5.25-5.54 5.20 2.40
Fraction of —SO3H groups on
microparticle surfaces 0.0068-0.0146 5.3 x 10-¢ 0.0678

2 Assumed.
b Per Rodriguez and Setinek (10).
¢ Calculated.
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twice as many neighbors as surface sites,
i.e., because the ensembles of -SO;H
groups are more numerous. This suggestion
is consistent with earlier suggestions of the
effectiveness of ensembles of hydrogen-
bonded -SOsH groups as catalytic sites
3, 7).

The fact that the data for the gelular resin
did not fit Eq. (22), whereas the macropo-
rous resin data fit both Egs. (21) and (22),
suggests that (21) is the more fundamentally
correct form and that Eq. (22) represents a
composite of surface and interior effects
that should not be interpreted mechanisti-
cally within the Langmuir—Hinshelwood
theory.

When Langmuir-Hinshelwood models
are applied to account for catalysis by mac-
roporous polymers, the adsorption equilib-
rium constants should be recognized as ac-
counting both for surface adsorption and
microparticle swelling equilibria. High-sur-
face-area macroporous catalysts are desir-
able when there are significant transport re-
sistances within the microparticles [e.g.,
when the reactants are hydrocarbons,
which swell the polymer only slightly (/1)];
but the present results show that they are
not advantageous when the interior sites
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are more active than those on the surfaces;
i.e., when ensembles of —SO3H groups con-
stitute the catalytic sites.
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