K. = controller gain; see Eguation (8)
n = reaction order
q = flow rate
R = gas constant
T = temperature
= time
U, = overall heat transfer coefficient
U. = heat transfer coefficient
V = reactor volume

o~

Subscripts

av = average
¢ = coolant
f = feed

s = steady state
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Langmuir-Hinshelwood Kinetics of the
Dehydration of Methanol Catalyzed by
Cation Exchange Resin

B. C. GATES and L. N. JOHANSON

University of Washington, Seattle, Washington

Rates of the dehydration of methanol to dimethyl ether catalyzed by cation ex-

change resin (polystyrenesulfonic acid) were measured with a differential flow re-
actor and gas chromatographic analysis. Reaction temperature was 119°C., pressure
was 1 atm., and feeds were methanol and mixtures of methano!l with argon, dimethyl
ether, and water.

Rate data for the methanol reaction as well as the previously investigated ethanol
dehydration reaction are well represented by Langmuir-Hinshelwood kinetics with
adsorption parameters in the rate equations approximately equal to corresponding
values of Langmuir adsorption equilibrium constants estimated from or available in
the literature. The reaction model is consistent with previous conclusions regard-
ing mechanism. Its pertinence suggests that ot reaction conditions the ion exchange

resin offers a nearly homogeneous array of catalytic sites.

Sulfonic acid ion exchange resins are active catalysts
for the dehydration of alcohols to ethers and olefins. At
sufficiently low temperatures ether formation from ethanol
occurs without side reaction to olefin, as shown by Kabel
and Johanson (I). In the following report the kinetic in-
vestigation of Kabel and Johanson is extended to the simi-
lar methanol dehydration.

2CH,0H = H,0 + CH,—0—CH,

The alcohol dehydrations have a characteristic of gen-
eral interest in catalytic kinetics, inhibition by a reaction
product (water). The polymer catalyst is well suited to ex-
perimental investigation as it has a well-defined structure
and is stable and of reproducible activity. The resin dif-
fers from typical solid catalysts in lacking rigid pores and
true internal surface.

The methanol and ethanol dehydration reactions have
been investigated with the resin catalyst in various ionic

B. C, Gates is at the University of Delaware, Newark,
Delaware.

AIChE Journal (Vol. 17, No. 4)

forms (2). Catalytic activity for reaction of each pure al-
cohol increased with catalyst sulfonic acid group concen-
tration, and salt forms lacked activity. It was postulated
that a hydrogen-bonded intermediate is formed involving re-
actant alcohol and catalyst sulfonic acid groups:

0-—-=~H~=--0~ —-=0

_5./0 . \ R = CHy, C,Hg
0=~ H=mmm Gmmmmb==m= 0

Similar bonds are formed between adjacent sulfonic acid
groups alone (3) and also when water is bridged between
sulfonic acid groups (4).

The kinetic data for ethanol dehydration have been ex-
amined by investigators concerned with statistical methods
of parameter estimation and discrimination among reaction
models (5 to 7). These analyses essentially confirm the
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original choice of a Langmuir-Hinshelwood model and
evaluation of the parameters. A valuable check on the ap-
propriateness of the heterogeneous reaction model was pro-
vided by adsorption equilibrium data obtained and utilized
by Kabel and Johanson in the original ethanol study.

Rate equation parameters were of the magnitude sug-
gested by the independently measured adsorption equilib-
rium constants for ethanol, ether, and water. The new data
for methanol dehydration were measured under similar con-
ditions. They strengthen the earlier conclusions by con-
firming the appropriateness of Langmuir-Hinshelwood
kinetics.

EXPERIMENTAL PROCEDURE

Kinetic data were obtained in a flow reactor system with gas
chromatographic analysis of product vapors. The equipment is
described in the paper (2) concerned with the effects of resin ex-
change ion concentration on rate of pure alcohol dehydration.
The equipment was modified to include one feed line for liquid
(alcohol or alcohol-water) and another for gas (dimethyl ether or
argon) to be mixed with vaporized alcohol. Gas feed flow rates
were measured with rotameters, Other procedures are reported in
reference 2.

The catalyst was 20- to 50-mesh particles of Dowex 50 X-8,
supplied in the hydrogen form by the Dow Chemical Company and
used without pretreatment. Analysis by titration indicated the
resin hydrogen exchange ion concentration was only 97% of the
total exchange capacity. It is presumed the remaining exchange
ions were sodium. The exchange capacity was 5.20 meq./g. of
resin (weighed after dehydration under vacuum at 100°C.).

Kinetic measurements were made at steady state conditions
with methanol, methanol-argon, methanol~dimethyl ether, and
methanol-water feeds. Reactor pressure was atmospheric; cor~
rections (always less than 2%) were made to account for dev}a—-
tions in pressure from 1 atm. Linear dependence of conversion
on pressure was assumed. Reported rates are for reaction at
119°C.; additional rate data for lower temperatures are presented
with the complete results and a detailed description of
methods (8).

RESULTS AND DiSCUSSION

Neither side reaction nor uncatalyzed reaction was ob-
served. Periodic tests at standard conditions demon-
strated the absence of catalyst activity loss in all but the
noted instances. Most of the data were obtained at low
conversions for the nearly irreversible reaction (9) to de-
termine initial reaction rates. Some integral conversion
data are presented in reference 8. The influence of diffu-
sion on rate has been shown to be negligible at the condi-
tions of highest rate (2).

Representative data for low conversions are shown in
Figure 1 for reaction of methanol feed at several tempera-
tures. Data for methanol and methanol-water feeds at frac-
tional conversions less than 0.07 were fitted with least-
squares straight lines passing through the origin, with the
slopes equal to initial rates, the results discussed here.

0.08
g o 00252 EQUIVALENTS OF CATALYST,
5 42-50 MESH
58 0.06 0 0.0357 EQUIVALENTS OF CATALYST,
el 20-50 MESH
36

]
z w 0.04} 119.3°C
o
(.
we
=
& ooz .
“a 99.3°C
-
() o,
g o - 1 ) , 80.0°C
[e] 0.2 04 0.6 0.8 1.0 1.2 1.4

RECIPROCAL SPACE VELOCITY

Fig. 1. Conversion data for methanol reaction.
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For pure methanol feed the initial rates are precise
within less than 5%, the best precision of any of the
data. Errors are the result of imprecision in individual
product analyses (+3%), flow rate determinations (+1%),
and catalyst titrations (+£1%). Errors resulting from heat of
reaction effects and departure from the assumed differen-
tial conversion are negligible.

Data for methanol-argon feed mixtures are presented in
Figure 2. The precision was reduced somewhat as each
reaction rate was calculated from only one conversion
datum; it was not convenient to vary the feed flow rate
while holding the ratio of methanol to argon flow rates con-
stant. There are errors of more than +10% corresponding to
temperature increases resulting from heat of reaction; com-
pensating errors are the result of first a loss of catalyst
activity, about —5% (probably caused by thermostat oil
leaking to contact the catalyst), and second the assump-
tion of differential conversion somewhat beyond the range
of applicability, 0 to —5%. Net errors are estimated to be
less than £10%.

Results for methanol-dimethyl ether feeds are also
shown in Figure 2. The large scatter is a consequence of
imprecise analysis with feeds containing ether; conversion
of methanol was determined from the difference of two
nearly equal numbers. The data are reasonably well repre-
sented by the curve for methanol-argon feeds, suggesting
that the effect of dimethyl ether is nearly the same as that
of argon. The statement that dimethy! ether affects the
rate as a diluent implies it does not compete with reactant
methanol for catalytic sites. For the ethanol dehydration
reaction Kabel and Johanson (1) concluded that the effect
of diethyl ether was also essentially that of a diluent.
Confirmation of the nonadsorbing nature of dimethy! ether
is provided by a single adsorption datum at 100°C. and a
dimethyl ether partial pressure of 0.92 atm. (10). Adsorp-
tion was observed corresponding to a Langmuir adsorption
equilibrium constant for dimethyl ether which is less than
1% of the value found for water (I}). This result is consis-
tent with those of Kabel and Johanson and of Herlihy (11),

& METHANOL-ARGON DATA

= METHANOL-WATER DATA a
5 AMETHANOL-DIMETHYL
ETHER DATA A
A

CURVES FROM
al- EQUATION (1)

102 x INITIAL RATE,
MOLES PER MINUTE EQUIVALENT
N
1

] | |

0
o 0.2 0.4 0.6 0.8 1.0
METHANOL PARTIAL PRESSURE,
ATMOSPHERES

Fig. 2. Initial rate of methano! reaction at 119.3°C, Curves from

Equation (1) with parameter volues of Table 1.
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who observed that the chemically similar diethyl ether is
essentially not adsorbed by the catalyst at reaction
conditions.

Results for methanol-water feeds are shown in Figure 2.
Heat of reaction effects and approximately compensating
catalyst activity losses influenced the precision of these
data, which is estimated to be £5%. Comparison with the
methanol-argon data shows that water strongly depresses
the rate and implies that water is bound to catalytic sites
in competition with methanol. Confirmation of the conclu-
sion is provided by the adsorption data of Kabel and
Johanson and of Herlihy, which demonstrate that water and
ethanol are both strongly chemisorbed by the catalyst at
reaction conditions. Similar behavior is inferred for meth-
anol as follows.

A single semiquantitative measurement of methanol ad-
sorption by the catalyst was made at 100°C. and 0.54 atm.
methanol partial pressure (10). An upper limit to adsorp-
tion was found corresponding to a Langmuir adsorption
equilibrium constant for methanol considerably greater than
the values obtained for the ethers, but somewhat less than
the value obtained for ethanol (7). The bonding of metha-
nol and ethanol vapors to resin sulfonic acid groups at
25°C. has been studied by Ulbricht (12), who made calori-
metric and dielectric measurements and found methanol to
be somewhat more strongly bonded than ethanol. Reichen-
berg and Wall (13) measured absorption by strongly hy-
drated resin of ethanol, n-propanocl, and n-butanol from
aqueous solutions at 25°C., and found almost no effect of
alcohol chain length on degree of alcohol absorption.
These results suggest that methanol and ethanol are ad-
sorbed to approximately the same extent at reaction
conditions.

APPROPRIATENESS OF THE LANGMUIR-
HINSHELWOOD MODEL

The depressive effect of water on the methanol reaction
rate suggests the applicability of a heterogeneous reaction
model. Ideal (Langmuir) kinetics account for reaction on
catalytic sites which can be saturated by competitively
combining reactants and products. The Langmuir-Hinshel-
wood equation selected by Kabel and Johanson (1) for the
ethanol reaction corresponds to the rate determining com-
bination of two adjacently adsorbed alcohol molecules:

kKA ph

r= 3 (1)
1+K,p, +Kppg + Ky py)

This equation also provides a good representation of the
methanol rate data* (Figure 2) with parameter values esti-
mated by an unweighted linear least-squares procedure (&)
with Kg, the adsorption equilibrium constant for ether, set
equal to zero in agreement with ether’s diluent effect. The
parameters are given in the top line of Table 1; they are
approximately equal to the corresponding estimates (1, 10)
of Langmuir adsorption equilibrium constants for reactant
and products. This agreement is interpreted as evidence
of the appropriateness of the reaction model. Further evi-
dence is provided by the model’s correspondence to the
previously stated conclusion (2) that the rate determining
reaction step occurs between two alcohol molecules
bonded to adjacent sulfonic acid groups in the resin
catalyst.

The overall compatibility of the data with the simple,
ideal (Langmuir) reaction model is somewhat surprising.

*The data were compared (8) to other plausible rate equations
suggested by Kabel and Johanson (I). The data are consistent
with an equation corresponding to the rate determining combina=
tion of an adsorbed methanol molecule with one from the vapor
phase, The adsorption parameters for methanol and water in this
equation, in contrast to those in Equation (1), are not of the or-
der of magnitude of the independent estimates of adsorption
equilibrium constants.
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TaBLE 1. SuMMarY OF RATE EQuaTioN PARAMETERS
AND ADSORPTION EQUILIBRIUM CONSTANTS

Rate parameters

Temperature, Ka Ka Kg Kg
°c, k (methyl) (ethyl) Ky (methyl) (ethyl)
119.3 0.17 1.3 — 4.4 0 —
120.0 0.044%  — 3.4%  7.0* -~ o*
Adsorption constants
116 — — 2.5% 7.6* —_ o*
100 — =1t 8,9% 13.6% <0.11 0*

*Results of Kabel and Johanson (1),
tResults of Gaudette (11).

The ideal models have widespread applicability, but ad-
sorption parameters in rate equations are generally not
simply related to bulk adsorption constants since surfaces
are heterogeneous and adsorption non-Langmuir. The suc-
cess of the model with the polymer catalyst is perhaps
understandable. At reaction conditions alcohol is ad-
sorbed to the extent of approximately one molecule per
sulfonic acid group (1), and for most of the run conditions
it is expected that water was not present to a greater
extent. The sulfonic acid groups are evidently both the
adsorption sites and the catalytic sites (2). The agreement
of adsorption constants with rate parameters suggests that
the array of resin sulfonic acid groups may constitute a
nearly ideal, homogeneous ‘‘surface,” and that in this
sense the ion exchange resin at these conditions may be
considered a model catalyst.
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NOTATION

k = reaction rate constant, moles of alcohol converted/min.

equivalent of catalyst
K = Langmuir adsorption equilibrium constant, atm.=!
p = partial pressure, atm.
r =reaction rate, moles of alcohol converted/min. equiva~

lent of catalyst

Subscripts
A = alcohol
E = ether
W = water
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