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This work is an experimental assessment of the Langmuir-Hinshelwood model of heterogeneous
catalysis. The vapor-phase dehydration of ethanol to diethyl ether, as catalyzed by cation ex-
change resin in the acid form, was the reaction chosen for study.

Initial reaction rate data, determined from the integral kinetic data obtained experimentally,
allowed selection of the most suitable rate equation from among several plausible equations de-
rived in accordance with the above model. The Langmuir equilibrium adsorption constants in the
rate equation were compared with the corresponding constants determined directly from pure
component studies in a static adsorption system. The adsorption constants determined for the
three reacting components by these independent methods showed definite order-of-magnitude
agreement. The adsorption studies also provided significant information about the nature of the

catalytic site.

The extent of agreement in the constants determined by these two independent approaches is
considered to be evidence of the theoretical validity of this model. Additional interpretation of
the adsorption and kinetic data via this model suggests that the ethanol dehydration reaction
proceeds through the reaction of adjacently adsorbed ethanol molecules.

The Langmuir-Hinshelwood model
of heterogeneous catalysis has been
widely used by chemical engineers in
the correlation of experimental reaction
rate data. The model stems directly
from the Langmuir theory of activated
adsorption (I4) and the application
by Hinshelwood (8) of that theory to
a large number of reactions. Hougen
and Watson (10) extended and popu-
larized this theory for chemical engi-
neering use. Rate equations, derived
for many situations, were systematized
and put into a generalized form by
Yang and Hougen (23). Although the
model has been used quite success-
fully in the correlation of kinetic data,
its theoretical significance has been
questioned. This argument has been
put into focus in back-to-back articles
by Weller (22) and Boudart (I).
Weller suggests that the Langmuir-
Hinshelwood approach does not have
the theoretical validity commonly
attributed to it and that, lacking theo-
retical validity, it is unnecessarily com-
plex for use as an empirical equation
when compared for simplicity to the
common power function type of equa-
tion. Boudart has supported the ra-
tional use of the Langmuir-Hinshelwood
approach with his discussion of the
limitations and strengths of that theory.
Because this model of heterogeneous
catalysis has not been adequately
tested the direct experimental evalua-
tion presented in this paper has been
carried out.

The general approach utilized in
this work was to correlate reaction
rate data with an equation of the
Langmuir-Hinshelwood model, obtain-
ing values of the Langmuir equilibrium
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adsorption constants for the compo-
nents of the reaction; and to correlate
pure component, static adsorption data
by means of the Langmuir isotherm,
obtaining independently determined
values for the adsorption constants.
The equilibrium adsorption constants
obtained indirectly from the kinetic
studies could then be compared with
the corresponding constants obtained
directly from the adsorption measure-
ments, This comparison would make
possible a partial evaluation of the
significance of the Langmuir-Hinshel-
wood model of heterogeneous catalysis.

The reaction system selected for
study was the vapor phase dehydration
of ethanol to give diethyl ether and
water:

2 C.H,0H = GHOGCH, + H,O (1)

A sulfonated copolymer of styrene and
divinylbenzene in the acid form was
used as a catalyst. It was believed that
the simple form of this catalyst might
allow additional insight into the nature
of the catalytic site and into the mech-
anism of the catalytic reaction.

REACTION RATE STUDIES

Catalytic dehydration of ethanol has
been the subject of much study in the
last half century, although there ap-
pears to be no previous work on the
vapor-phase reaction in the presence
of ion exchange resin. Much of the
significant work reviewed by Winfield
(5) has been with metal oxide cata-
lysts. On alumina above 300°C. etha-
nol has been found to dehydrate almost
exclusively to ethylene, while below
260°C. the dehydration product is al-
most entirely ether. The recent appli-
cation of the carbonium ion theory of
acid catalyzed reactions to heterogene-
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ous catalysis has led most investigators
to agree that an intermediate, the car-
bonium ion or conjugate acid, exists
which is common to all three com-
pounds. Winfield has pointed out that
kinetic results of sufficient detail have
not been available to determine
whether ether is formed by the reac-
tion of two adsorbed alcohol molecules
or by the reaction of one adsorbed
molecule with one from the vapor
phase. One goal of the current work
was to obtain information which would
contribute to a solution of this prob-
lem. The work of R. W. Taft and as-
sociates with sulfuric acid (2) is perti-
nent to the extent of similarity of the
acid with the sulfonic acid group of
the exchange resin.

The use of jon exchange resins as
catalysts has been reported in two
studies of vapor-phase reactions, as
well as in many studies of liquid-phase
reactions, Herrman (7) carried out
the esterification of acetic acid with
ethanol on ion exchange resin in the
acid form. He found the reaction rate
to be considerably higher than that
obtained by other investigators who
used silica gel or zirconium oxide as
catalyst for the esterification. The re-
sults of his study are limited in signifi-
cance since he, like many other investi-
gators of esterification and other reac-
tions of ethanol, failed to recognize the
importance of the side reaction of
ethanol to ethyl ether. Detailed dis-
cussions of such instances are found
elsewhere (11, 4). Nevertheless Herr-
man’s work demonstrated the excellent
characteristics of hydrogen ion ex-
change resin as a vapor-phase catalyst.
Metzner and Ehrreich (17) studied
the vapor-phase hydration of ethylene
oxide to ethylene glycol and higher
glycols. The ion exchange resin used
by them was similar chemically to the
authors” but differed in physical prop-
erties. Thus while their work exhibited
some rather unusual effects which
would not be expected in this study,
it is of interest that the rate of reaction
was found to be proportional to the
partial pressure of the ethylene oxide
in the vapor phase and to the amount
of water adsorbed by the resin.

It will be shown later that experi-
ments can be conducted in the flow
system in such a manner that diffu-
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sional gradients will be negligible,
both at the catalyst particle surface
and the particle interior. The rate of
reaction will then be governed by a
combinatjon of rates of adsorption, re-
action at the catalyst, and desorption.
Relatively simple equations for the rate
of reaction may be developed in a
standard, systematic manner (9, 23)
in accordance with the Langmuir-
Hinshelwood approach. Such equations
assume only one of the sequence steps
ot adsorption, reaction, or desorption
to be slow enough to require consider-
ation. The justification for such an as-
sumption is not always trivial, espe-
cially for reactions for which the rate
controlling step changes with tempera-
ture (20). Ordinarily however one
step in the reaction sequence (usually
the surface reaction) is slow compared
with all other steps.

With this limiting-step assumption,
and others implicit in the Langmuir
isotherm model, three equations (of a
number possible) resulted from a pre-
liminary analysis of the reaction sys-
tem. These represent the two mechan-
isms in some dispute, that is the reac-
tion between adjacently adsorbed
ethanol molecules [Equation (2)1 and
between an adsorbed ethanol molecule
and a gaseous ethanol molecule [Equa-
tion (3)]. The reverse reaction in
Equation (2) is assumed to take place
between adjacently adsorbed water
and ether molecules (or between gase-
ous ether and a water molecule ad-
sorbed adjacent to a vacant site) and
in Equation (3) between a gaseous
ether molecule and a water molecule
adsorbed on a single site. The third
example is perhaps the most probable
of the adsorption-controlled mechan-
isms, for the adsorption of ethanol
rate-limiting [Equation (4)1:
r= [ksSLK,f/z] [PA2 '_‘(PEPW/Keq)]/

[1+ K.P4 + KyPy + KEPE]2 (2)

r = [k.LKi] [P — (PwPs/K.i) 1/

[1+ K.P.+ KyPy] (3)
r = kAL[PA'— \/PEPW/Keq]/
[1 4+ VP:PyK:/K. +
K:P: + KoPy] (4)
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The equations are written in terms of
partial pressure rather than activity,
the maximum pressure being 1 atm. in
this study. The constants K,, Ky, and
K, are those which are to be evaluated
both by means of reaction rate data,
and adsorption data.

Experimental

Reaction rate data were obtained in
the form of integral conversion as a func-
tion of reciprocal space velocity, although
much of the data could be classed as dif-
ferential in nature. Product components,
water and ethyl ether, were included in
the feed streams to allow analysis based
on variations in partial pressure under
initial reaction rate conditions.

The apparatus used in the kinetics ex-
periments is shown schematically in Fig-
ure 1. The 3.4 cm. 1.D. cylindrical, stain-
less steel reactor was packed with a mix-
ture of glass beads and ion exchange
resin catalyst to bed depths of 5 to 10
cem. A thermocouple well extended from
the top of the reactor midway into the
catalyst bed, giving an indication of the
bed temperature. The thermocouple read-
ings, oil bath temperatures, and an ap-
proximate analysis of the thermal graf’ -
ents within the bed allowed specification
of the mean reaction temperature within
+ 0.5°C. of the desired constant value.

The sampling chamber in the reactor
exit line consisted of a heated T, the stem
leg of which was fitted with a silicone
rubber disk. A 10  liter syringe was in-
serted through the disk and the plunger
slowly drawn. The hot vapors would
condense within the relatively cool syr-
inge, giving a measurable liquid sample.
This method of sampling, believed to be
original with this work, avoided the prob-
lems arising from immiscibility and widel
differing volatilities of the reaction proc{
ucts.

The reaction product was analyzed
chromatographically at 102°C., with poly-
ethylene glycol on a diatomaceous earth
used as a column packing. The instru-
ment was calibrated with accurately pro-
portioned liquid mixtures of alcohol,
ether, and water in order to determine
the alcohol to ether peak height ratio as
a function of the corresponding mole
ratio in the sample. This along with the
initial reactor feed composition, and the
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1.0 atm.

stoichiometry of the reaction, determined
the complete product analysis.

Reagent grade anhydrous ethyl ether,
absolute ethanol, and laboratory distilled
water were used without further purifica-
tion throughout this work. The Dowex 50,
X-8, 20- to 50-mesh cation exchange resin
was a medium porosity resin with a total
exchange capacity of 0.0054 o= 0.0003
equivalents per bone dry gram of catalyst.

The resin to be placed in the reactor
was weighed in the air dried state and
its weight corrected to a bone dry basis.
Care was taken to avoid undue swelling
and/or deactivation of the catalyst. The
reaction system was operated continuously
with flow rate, feed composition, tem-
perature, and pressure being varied as
desired. A run consisted of product analy-
ses at each of a series of flow rates with
other conditions constant.

Experimental equipment and tech-
niques, as well as further information on
other phases of this research, are treated
in more detail elsewhere (11).

Results

Complete integral conversion results
of the reaction rate studies are availa-
ble as Table C-1 of reference I11.
They include studies at three tempera-
ture levels, 80°, 106°, and 120°C.,
with ‘major emphasis at 120°C. Feed
compositions include pure alcohol
feeds, alcohol-water feed mixtures, and
alcohol-ether feed mixtures. One run
included all three components in the
feed stream. Total pressure was 1 atm.
except for one run. It was demon-
strated that ethanol, when passed
through the reaction system without
catalyst, emerged unreacted. In no
case throughout the study did the
chromatographic analysis give evidence
of catalyzed or uncatalyzed side reac-
tions. Since it was shown that ethylene
added to the feed could reliably be
detected by the analysis scheme, it is
concluded that no ethylene was formed
at these reaction conditions. Periodic
studies showed deactivation of the
catalyst over a month of continuous
operation to be negligible.

Typical data is shown in graphical
form in Figures 2 and 3. Figure 2 il-
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TasLE 1. INtT1aL REACTION RATE DATA

P Ags P Bey P Wos

Run W, g. atm, atm. atm.

1-1 36.9 1.000 0.000 0.000
1-2 36.9 1.000 0.000 0.000
14 36.9 0.381 0.000 0.619
1-5 36.9 0.381 0.000 0.619
3-1 14.3% 1.000 0.000 0.000
3-2 14.3*% 0.947 0.053 0.000
3-3 14.3% 0.877 0.123 0.000
3-4 14.3* 0.781 0.219 0.000
3-6 14.3* 0471 0.529 0.000
3-7 14.3% 0.572 0.428 0.000
3-8 14.3% 0.704 0.296 0.000
3-9 14.3% 0.641 0.359 0.000
4-1 22.6% 1.000 0.000 0.000
4-2 22.6% 0.755 0.000 0.245
4-3 22.6* 0.552 0.000 0.448
4-4 29.6* 0.622 0.175 0.203
4.6 29.6* 0.641 0.359 0.000
4-7 22.6% 0.689 0.000 0.000

re X 10*

Tz, °C. exp. cale. % dev
105.7 0.326

79.9 0.0368

120.0 0.0866 0.0876 12.0
105.7 0.0142
120.0 1.347 1.367 1.5
120.0 1.335 1.334 0.08
120.0 1.288 1.284 0.3
120.0 1.360 1.208 11.2
120.0 0.868 0.868 0.0
120.0 1.003 1.002 0.1
120.0 1.035 1.138 10.0
120.0 1.068 1.077 0.84
120.0 1.220 1.3687 12.1
120.0 0.571 0.541 52
120.0 0.241 0.223 7.2
120.0 0.535

105.7 0.201

120.0 1.162

# Catalyst blended with three times its mass of glass beads.

lustrates the influence of temperature
and space velocity upon conversion of
pure alcohol. The solid lines represent
empirical computer fits of individual
run data. Figure 3 illustrates the influ-
ence of water-alcohol feed composition
upon conversion, for runs at 120°C.
and 1 atm. total pressure. The broken
lines represent the data as calculated
with the integrated form of Equation
(2). Data (not shown here) similar to
those in Figure 3 were obtained for
ether-alcohol feed mixtures. In this
case the effect of feed composition on
conversion was less pronounced than
in Figure 3.

It was considered desirable to de-
termine constants of suitable rate
equations by means of initial rate data
only. Evaluation of the resulting equa-
tions could then be made by integra-
tion and comparison with the integral
data. This is a more sensitive and more
severe test of the equations than sim-
ply curve fitting the integrated form
of equations to integral data would be.
It was felt that the most accurate and
impartial method of determining this
initial rate would be to empirically fit
the available integral data with an
equation whose form, while arbitrary,
would reasonably describe the data
over the range under consideration and
would allow analytical differentiation
at the origin. This was done with a
cubic polynomial to increase the accu-
racy of the extrapolation and to avoid
prejudice or bias in curve fitting and
slope taking by eye. With such a tech-
nique it is necessary to show that the
inflection points in the cubic curve oc-
cur beyond the high range of the data
and that the extrapolation tends to pass
through the origin. The origin could
then be used as a valid datum point in
the least squares computer fit.

Results of this extrapolation to ob-
tain initial rates r, are summarized in
Table 1. More complete tabulations
are available in reference I1.
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Not all of the data of Table 1 are of
equal reliability. Improvements in tem-
perature control of reactor, flowmeter,
and chromatography column were
made following runs on reactor pack-
ings 1 and 2. Runs in which large
amounts of ether or water were in-
cluded in the feed gave less reliable
results than runs with pure aleohol
feed. This was because of the low total
conversion attained, difficulties owing
to the high volatility of ether, and
lower analytical precision for samples
containing large amounts of ether or
water.

Mass Transfer Considerations

Before considering the reaction rate
data from the standpoint of adsorption
and kinetics, one should consider the
possibility of mass transfer gradients
influencing the results. Possible influ-
ence may be one of the three types:
diffusional resistance of the internal
catalyst pores, transfer gradients at
the external surface of the resin parti-
cles, and packed bed gradients such as
backmixing. These will be considered
in turn.

Herrman (7), in previous work with
the same catalyst in this laboratory,
found the ethanol esterification rate at
118°C. to be independent of particle
size for three catalyst sizes of 16 to
20, 24 to 28, and 35 to 42 mesh. Since
the measured reaction rate in the pres-
ent work was less than that of Herr-
man, and diffusing species similar,
pore diffusion would also not be ex-
pected to be of importance in the pres-
ent work. In addition Figure 2 and
Table 1 indicate a very marked tem-
perature coefficient of the reaction. If
the initial rate values of Table 1 are
utilized to evaluate a temperature co-
efficient of the reaction, it is found
that the reaction rate varies approxi-
mately as the thirty first power of ab-
solute temperature. A temperature ex-
ponent of only 0.5 to 1.0 would be
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expected if diffusional gradients, either
within or surrounding the catalyst
particle, were of controlling import-
ance.

This large temperature coefficient of
reaction also gives assurance that mass
transfer gradients at the particle sur-
face are also not of major importance.
An additional test is a comparison of
conversion obtained at equal space
velocity but at varying mass velocity.
Such a comparison can be made be-
tween runs of different catalyst pack-
ings, with other conditions the same.
Table 2 makes such a comparison for
three pairs of runs. Conversion results
were interpolated from the original
data (Table C-1, reference 11). It is
evident from these comparisons that
results are essentially independent of
linear velocity, and of the presence or
absence of glass beads blended with
the catalyst.

Mass transfer effects in addition to
those at or within the catalyst particle
may be of importance. In an integral
reactor packed bed these may be
radial and axial mixing brought about
as a result of thermal or concentration
gradients. Table 2 is at least partial
confirmation that such gradients are of
minor influence in this work. Conver-
sion at a given space velocity would
not be reproducible with change in
shape of the catalyst bed (or with
dilution of catalyst with glass beads)
if gradients or backmixing were exten-
sive. The method of Levenspiel and
Bischoff (15) along with the study of
axial mixing of gases in packed beds,
by McHenry and Wilhelm (I6), was
used to estimate quantitatively the
extent of backmixing. The calculations
indicated that the maximum possible
backmixing effect would reduce the
experimentally obtained conversions by
1 to 2% below the level predicted on
the basis of pure plug flow.

Reaction Kinetics

The influence of reactor feed com-
position upon initial reaction rate is
shown in Figure 4. It is evident from
this plot that water vapor depresses
the dehydration rate of ethanol far
more than does an equivalent partial
pressure of ethyl ether. The possibility
that the desorption of a product might
be the rate controlling step can be dis-
counted on the basis of the strong
effect of composition upon the rate of
reaction. Since the data represent the
derivatives of integral rate curves ex-
trapolated to zero W/F, the consis-
tency is believed very good except for
the four initial rate points indicated by
open symbols. In addition there is a
10% disagreement for pure alcohol
feed for the two sets of runs. The reli-
ability of the initial rate values for the
open points is considered in detail in
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reference 11. It was concluded that
these values were of lower reliability
than other runs for reasons associated
with reduced analytical accuracy at
low conversions and difficulties in ob-
taining good extrapolations to zero
W/F. Examination of the ether alcohol
integral data (not shown here) shows
that these abnormalities are not pres-
ent in the position of the integral data,
which fall properly in sequence of
lower curves for lower initial partial
pressures of ethanol. The two initial
rate results for pure alcohol feed are
derived from data of runs 3-1 and 4-1.
Some of these data are shown in Table
2. On the basis of this table and the
superimposed integral curves of these
runs the data appear to be in good
agreement. However slightly. differing
trends within the data affect the ex-
trapolation from which the rates are
obtained.

Equations (2), (3), (4), and others
similar may be written for initial rate
conditions, at zero values of W/F.
Only partial pressure terms for sub-
stances present in the feed will appear.
For ethanol-ether binary feed mixtures
the equations may be reduced to terms
involving only alcohol partial pressure:

V1l Psy = \/k/ (1 + Ks)
~ V1o [(Ka~Ki)/ (1 + Ks)

(2a)
1o/Pas? =k — (r./P1.)K. (3a)
to/Pio = k/(1 + Kz) +
r[Ke/(1 +Ke)]  (40)

Therefore if one plots \/7./P., vs. \/1.,
7o/ Pas” VS. 13/Pao, and 1,/P4, vs. 1., the
equation which applies should result
in a straight line and others should re-
sult in curved lines. It should be re-
marked that all equations of such lin-
earizing parameters suffer from the
disadvantage of a tendency to plot a
variable against a function of itself.
Other forms of the equations may be
obtained by multiplying both sides of
Equations (2a), (3a), and (4¢) by
combinations of r, and P.,. One con-
sistent set would require plotting 1/

P vs. IN/ro, 1/7, and Pa../r.. The

TABLE 2. CoMPARISON TESTS FOR
Mass TRANSFER INFLUENCE

Interpolated x at:

Run Mass of W/F = W/F =
no.  catalyst, g 1,000 3,000
1-3 36.9 0.135 0.309
2-1 31.2 0.131 0.309
3-1 14.3* 0.118 0.270
4-1 22.6* 0.112 0.281
14 36.9 0.010 0.025
4-5 22.6%* 0.011 0.025

*# Catalyst blended with three times its mass of
glass beads.
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linearity test should apply in each
case, and it was found to do so for
each set of the three equations dis-
cussed above. Only the degree of curv-
ature was altered for plots represent-
ing Equations (2), (3), and (4). Fig-
ure 5 shows such plots for Equations
(2a), (3a), and (4a). Since only the
consistent points of Figure 4 will fall
on smooth curves in Figure 5, and
hence aid in the determination of
linearity, the errant points have been
omitted. It is evident that Equation
(2a) gives a more nearly linear plot,
and therefore Equation (2) gives the
more satisfactory representation of the
data. To place this conclusion on a
somewhat more quantitative basis un-
sophisticated calculations of the corre-
lation coefficients in accordance with
Equations (2a), (3a), and (4a) were
performed. The six data points at
highest P,, of Figure 5, that is the
most reliable points, were considered
in these calculations. The difference
between the normalizing z transforma-
tions of the two highest coefficients,
those of Equations (2a) and (4a), was
found to exceed the calculated stand-
ard error. In other words by this test
Equation (2a) is preferable to Equa-
tions (3a) and (4a), but only at the
70% confidence level. It may be seen
that inclusion in this treatment of the
point at lowest P,, in Figure 53, as
representative of the smooth initial
rate curve of Figure 4 near the origin,
would appreciably increase the con-
fidence level. Further experimentation
could do much to make this situation
definitive. Theoretically it should be
possible to check the suitability of
Equation (2) by a similar series of
curves employing the data obtained
from the water-alcohol runs. However
inconsistencies in the limited amount
of these data, particularly for the two
runs at low ethanol partial pressure,
preclude the drawing of any conclu-
sions about the superiority of one form
of rate equation over another. The
solid triangles of Figure 5 show the
water-ethanol data in the supposedly
linear form of Equation (2b):

VT /Pao = Vk/ (1 + Ky) —
V[ (Ki—Kw)/ (1 + Ky)1 (2D)

With the conclusion that Equation
(2) best describes the reaction rate
data, the opportunity for overgeneral-
ization and misinterpretation arrives.
It may be said with some confidence
that the rate of reaction at the surface
of the catalyst is the rate controlling
step and that the various adsorption
steps proceed at a relatively rapid
rate. It is also reasonable to conclude
that two adjacent sites are required
for the reaction to take place. Unfor-
tunately a number of postulated over-
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all mechanisms might result in these
same two conclusions and hence fur-
ther interpretation would be on un-
stable ground. In particular the ques-
tion of whether the reaction proceeds
via an adsorbed molecule of ethanol
and one from the vapor phase or be-
tween adjacently adsorbed molecules
remains unanswered. The adsorption
data illuminate this problem further,
as will be indicated.

Equation (2) is seen to contain
seven constants. For a given reaction
K, Ky, Ky, and k, are functions of
temperature and catalyst, whereas K.,
is a function of temperature only and s
and L are functions of the catalyst
only. It is impossible to determine the
individual values of k., s, and L from
a kinetics study alone, although L
might be estimated from the exchange
capacity of the resin used in this
work. For this reason k,, s, L, and the
factor (1/2) are lumped into a single
constant k,*, thereby reducing the
number of constants to be determined
to five. Values of the thermodynamic
equilibrium constant as a function of
temperature are available elsewhere
(12). The remaining four constants
are to be determined from the kinetic
data.

Figure 5 allows evaluation of the
slope and intercept terms of Equations
{2a) and (2b). It would appear that
the slopes and intercepts for the two
lines should provide four equations for
the determination of four unknown
constants. However only three of the
four equations are independent because
of the restriction that both curves must
intersect at the point corresponding to
pure alcohol feed. Therefore a statis-
tical best fit of all of the ether-alcohol
and water-alcohol data points was car-
ried out with the restriction that the
resulting two lines must intersect
somewhere along the line of equal
ordinates. The slopes and intercepts
resulting from this treatment yielded
the following equations which show
the interrelations between the magni-
tudes of the adsorption constants:

K, = 3.413 + 4.413K,
Kw == 0816 + 1816K.4

(5)
(6)
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A third equation yields the value of
the kinetic constant k,* in terms of K.
From Equations (5) and (6) it is
seen that Ky is larger than K., which
is considerably larger than K, regard-
less of the value of K,. Some inde-
pendent means of evaluating K; is
therefore required. Run 4-7, shown as
x on Figure 4 serves this purpose. In
this run the feed was pure ethanol,
and the total pressure was 0.689 atm.,
not 1 atm. as in other runs. This sub-
atmospheric pressure operation in-
volved some sampling difficulties, and
the precision may not be as high as in
other runs. It is evident from Yigure 4
however that the point corresponds
closely with the ether-alcohol data.
This indicates that ether suppresses
the reaction mainly by reducing the
partial pressure of the reactant, etha-
nol, and only slightly if at all by occu-
pying active sites, thereby suggesting
that K, is essentially zero. From the
deviation of the point from the smooth
cuwrve in Figure 4 K; may be calcu-
lated to be 0.176. Thus the value of
Ky, it not zero, is certainly very small.
On the basis of this evidence the ether
adsorption constant is taken to be zero
and the remaining constants are calcu-
lated to give the values shown in
Table 3 for 120°C.

Two criteria are important in assess-
ing the quality of the correlation of
these data. Table 1 shows the ability
of Equation (2) to predict initial rates
for the conditions of the runs used in
determining the constants of the rate
equation. The average deviation for
the twelve points was 5.1%. Similarly
the ability of the integrated rate equa-
tion based upon the plug fow model
to predict integral data may be evalu-
ated with existing data by examination
of the agreement of the data points
and the curves as in Figure 3. Com-
puted values of W/F required for
given values of conversion were com-
pared with the experimental (W/F)’s
for the same conversions. The average
percentage deviation of the experimen-
tal points upon which the original cor-
relation was based from the predicted
curves was 6.4%. It is also of interest
that there was an excess negative per-
centage deviation in the prediction of
W/F of about 2.5% per data point.
Thus the predicted W/F's were
smaller than their corresponding ex-
perimental values by an amount which
corresponds closely to the degree which
might be expected to result from back-
mixing effects.

In addition to the 120°C. constants
Table 3 also includes estimates of the
equation constants at 105.8° and
79.9°C, These are based on considera-
bly fewer data than the constants at
120.0°C. The strong effect of tempera-
ture is seen in Figure 2. From initial
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Fig. 4. Initial reaction rate data at 120°C.

rate data at 105.8°C. given in Table 1
it was possible to prepare a graph
similar to Figure 5. The very similar
slopes of the straight lines of this
graph and those of Figure 5 suggest
that the form of the rate equation re-
mains unchanged over this tempera-
ture range. If Ky also remains essen-
tially zero the constants at 105.8°C.
may be calculated. This approach is
somewhat hazardous as illustrated b
the work of Thaller and Thodos (20)
which demonstrates that the rate con-
trolling step of a reaction may change
with temperature. However no other
assumption than the one made is justi-
fiable on the basis of the data availa-
ble. The values of K, and K, at
79.9°C. have been estimated by linear
extrapolation of an Arrhenius type of
plot from the corresponding values at
the higher temperatures. This assump-
tion, together with the previous ones,

T ! i
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Fig. 5. Ether-aicoho! and water-alcohol initial
rate data in linearized form.
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makes possible an approximate evalua-
tion of the reaction rate constant k,*
at 79.9°C. Values in parentheses indi-
cate uncertainties as discussed above.
The three values for log k,*, when
plotted against the reciprocal of the
absolute temperature, fall reasonably
close to a straight line. From this line
the activation energy of the catalyzed
reaction was estimated to be 30,500
cal./g. mole of alcohol reacted.

ADSORPTION STUDIES

The objectives of the adsorption
studies are to determine for each of
the components of Equation (1) the
applicability of the Langmuir isotherm
in correlating pure component adsorp-
tion data, the equilibrium adsorption
constants as a function of temperature,
the quantity of vapor adsorbed in a
monolayer, and the differential heat of
adsorption. This information in con-
junction with the results of the reac-
tion rate studies should allow conclu-
sions to be drawn about the nature of
the catalytic site, the validity and util-
ity of the Langmuir-Hinshelwood ap-
proach, and the mechanism of the
catalytic reaction.

The Langmuir isotherm (13)

Y =yuK:Ps/ (1 + KPa)  (7)

is most often applied to chemisorption
systems where adsorption is limited to
essentially a monolayer. On the other
hand the BET isotherm (3)

Y = YmCP./[Pa4, sat — P,]
[1+ (C—l)‘(PA/PA, Sat)] (8)

represents an extension of the Lang-
muir theory to allow for multilayer ad-
sorption. Because the constant ¢ is
generally large compared with unity
the BET isotherm reduces to the Lang-
muir isothermm when the adsorbate
partial pressure is small compared with
the saturation pressure. Equations (7)
and (8) are both quite useful in the
monolayer region, and each may be
put into linear form to test its applica-
bility to a particular set of data. When
a successful correlation is obtained it
is possible with either equation to esti-
mate Ym.

Herrman (7) studied the adsorption
of ethyl alcohol, water, ethyl acetate,
and acetic acid vapors on the same
catalyst as that used here. Qualita-
tively his results indicated appreciable
adsorption of ethanol and water. By
comparison acetic acid was adsorbed
to a lesser degree, and ethyl acetate
was adsorbed only very slightly.

Further information on the adsorp-
tion of water vapor on acid ion ex-
change resins and their salts is availa-
ble in two papers by Waxman, Sund-
heim, and Gregor (21, 19). The
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curves resulting in all cases were of
the sigmoid shape which is character-
istic of multilayer adsorption. Slight
but definite hysteresis effects were ob-
served in these studies. Glueckauf and
Kitt (6) carried out experimental
studies similar to those of Waxman et
al. and emphasized the low water ac-
tivity region in order to allow a more
extensive theoretical treatment of the
cationic hydration.

Experimental

The adsorption experiments were car-
ried out in a static adsorption system
(Figure 6) which allowed independent
control of temperature of adsorption and
partial pressure of adsorbate vapor. The
magnitude of adsorption was determined
by observation of the elongation of a
fused silica spring to which an aluminum
foil bucket, containing adsorbent, was at-
tached. Elongation of the spring (spring
constant 9.28 cm./g.) was accurately
measured by a universal type of cathe-
tometer. The vapor lines of the system
were heated with nichrome ribbon to
prevent condensation. Mercury seals were
improvised at the ground glass joints to
prevent leakage.

The detailed procedure used in these
studies differed from run to run depend-
ing upon the nature of the run and the
type of information desired. Generally,
after the spring position with the empty
bucket in place was determined, a resin
sample was placed in-the bucket and the
system was evacuated at the temperature
of the run until the bucket ceased to rise.
This allowed calculation of the weight of
the resin in its base condition or bone dry
state. The feed was introduced into the
previously evacuated adsorbate reservoir.
When a constant vapor pressure had been
attained, the high vacuum valve was
opened and adsorption was allowed to
proceed to equilibrium. The pressure was
then changed and the spring allowed to
reach a new equilibrium position. Equi-
libration at the pressure level immediately
following evacuation usually required a
half day, while at following levels only
about 2 hr. were required.

The chemicals used in the adsorption
studies were identical to those in the re-
action rate studies. The resin, supplied by
the manufacturer in the sodium form,
was converted in the laboratory to the

hydrogen form. Thereafter it was desic-
cated over anhydrous calcium chloride
until use. Although the resin used in the
kinetics experiments was supplied in the
acid form and charged in an air-dried
state, it is not believed that there was
any essential difference between the two
batches of resin. Evidence for this is in-
dicated later.

Water Adsorption

The adsorption of water vapor as
shown in Figure 7 was found to be
reversible with the exception of a tem-
porary hysteresis effect such as was
observed by Waxman et al, that is
step-by-step desorption carried out fol-
lowing determination of an adsorption
isotherm resulted in a curve slightly
above the curve for adsorption at com-
parable pressures. Evacuation however
retorned the resin sample to its origi-
nal base condition. Theoretical inter-
pretation of such hysteresis effects is
difficult if not impossible. Where hys-
teresis is present, neither adsorption
nor desorption data has been clearly
demonstrated to have greater signifi-
cance. The adsorption data obtained in
this study were of greater number,
range, and precision that the desorp-
tion data. For these reasons only the
adsorption curves will be treated here.
Similar treatment of the desorption
data yielded results consistent with,
although less precise than, the adsorp-
tion results. It should also be noted
that a water adsorption run carried out
on a sample of the same batch of resin
as used in the kinetic studies showed
substantial agreement with the remain-
der of the data. This is taken to be
validation of the comparison of the
results of the two studies.

The range of relative pressure P/
Psat for the 100° and 116°C. data
was low enough to make the Langmuir
and BET isotherms indistinguishable.
The BET equation satisfactorily corre-
lated the 79°C. data, allowing estima-
tion of y, and hence the number of
adsorption sites Ly. This value is
given in Table 3. Although the linear-
ized Langmuir isotherm was not en-

a0
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Fig. 6. Adsorption apparatus.
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tirely satisfactory in correlating the
water adsorption data, all points be-
yond the point at lowest pressure for
each temperature were sufficiently
linear to permit estimates of the ad-
sorption constants. Omission of the
single point from each least squares
computer fit seems reasonable since
the fitted points were for pressures
nearest the range of primary interest
in the kinetics studies. The constants
thus obtained are indicated in Table 3.

The differential heat of adsorption
as a function of fractional surface cov-
erage was determined from all of the
adsorption data as a function of tem-
perature by the use of the Vant Hoff
equation. Contrary to the Langmuir
assumption of constancy the heat of
adsorption was found to decrease ex-
ponentially with surface coverage. At
monolayer coverage it was greater than
13,500 cal./mole. This is considerably
larger than the latent heat of vaporiza-
tion of water, which at 100°C. is
9,700 cal./mole.

Ethanol Adsorption

The degree of adsorption obtained
with ethanol feed was found to change
slowly with time, possibly because of
reaction on the catalyst surface. With
longer exposure times it became in-
creasingly difficult to approach the
resin base condition, even with con-
tinuous evacuation. In an effort to
avoid obtaining misleading data the
adsorption was carried out in accord-
ance with two procedures. The first
was similar to the water studies, with
equilibrations at each of several in-
creasing pressure levels on the same
sample of resin. In the second pro-
cedure a new sample of resin was used
for each measurement at a new pres-
sure, resulting in a greatly shortened
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contact time between the resin and
the adsorbate. There appeared to be
no distinction between the results of
the two methods. Figure 8 presents
the satistactory correlation of the re-
sulting ethanol adsorption data by the
Langmuir isotherm. The values of K,
determined from these correlating lines
are given in Table 3. The values of y.
at 79°, 100°, and 116°C. were also
calculated and are given as the num-
ber of sites per gram of resin L, in
Table 3.

The determination of the differential
heat of adsorption for ethanol gave
somewhat more erratic results than
those for water. Nevertheless the
heat of adsorption was indicated to be
roughly constant over the range of
coverage at a value of 16,000 =
2,000 cal./mole. Comparison with the
ethanol heat of vaporization of 9,400
cal./mole at its normal boiling point is
evidence that alcohol is also adsorbed
by a chemisorption process.

Ethyl Ether Adsorption

Measurements of ether adsorption
were carried out at various tempera-
tures and pressures. At an ether pres-
sure of 0.275 atm. only 0.013 g. of
weight increase was observed per gram
of catalyst after five days of operation
at 79°C. Even on the assumption that
only ether was adsorbed (when it is
more likely that only a constituent of
stopcock grease was adsorbed), this
amount of adsorbate is of the magni-
tude of the smallest amounts obtained
at 116°C. in the alcohol and water
studies. This corresponds to a value of
K; of less than 0.15. Thus it is con-
cluded that ethyl ether is adsorbed
only very slightly, if at all.

Discussion

Ethanol and water are strongly ad-
sorbed, while ethyl ether is not ad-
sorbed or only very slightly adsorbed.
Qualitatively these results for ethanol
and water are in agreement with those
of Herrman. Although it has not been
demonstrated in this paper, these data
for water vapor adsorption at 79°,
100°, and 116°C. are quite consistent
on a quantitative basis with those of
Waxman, Gregor, and Sundheim at
25° and 50°C. The hysteresis effects
found in this study were also found by
them to exist at the same relative pres-
sure.

By the use of the most satisfactory
correlating equations for water and
ethanol it was shown in Table 3 that
the amount of vapor adsorbed in a
monolayer corresponded closely with
the amount L+ predicted on the basis
of the resin exchange capacity, on the
assumption that each acid equivalent
represents a molar adsorption site. This
close correspondence is rather convine-
ing evidence that the acid groups on
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Fig. 8 Ethanol adsorption data in Langmuir
isotherm form.

the resin do indeed constitute the ac-
tive sites for adsorption and perhaps
even for catalysis. Heat of adsorption
studies also support this conclusion in
that the heats for both ethanol and
water were well into the chemisorp-
tion range.

INTERPRETATION

Comparison of Constants from Reaction
Rate and Adsorption Studies

The Langmuir equilibrium adsorp-
tion constants for the components of
Equation (1) have been determined
by direct measurement in a static ad-
sorption system and by correlation of
catalytic rate data in accordance with
the Langmuir-Hinshelwood model of
heterogeneons catalysis. The constants
thus determined are summarized for
comparison in Table 3. The tempera-
tures at which the independent experi-
ments were performed were not identi-
cal, but they were close enough to per-
mit these comparisons. Values of K.
and Ky from the independent measure-
ments at the two higher temperatures

show definite order of magnitude
agreement. The trend toward higher
values of the constants with decreas-
ing temperature is consistently dis-
played, with the exception of the value
of Ky at 79°C. This low value is be-
lieved to have resulted from the use
of the Langmuir isotherm in the cor-
relation of BET isotherm type of data
beyond the range where the two iso-
therms are identical. The values of the
constants from the adsorption data
show that the adsorption constants
cannot reasonably be extrapolated to
different temperatures by the Ar-
rhenjus equation. It should also be
noted that both kinetics and adsorption
studies indicated ethyl ether to be
only very slightly adsorbed, if at all.
It may be seen from Equation (7) that
for y/y. ranging from 0 to 1.0 the
value of K, may range from 0 to co.
Therefore the extent of correspondence
shown between K., Ky, and K; values
is believed to be well beyond that ex-
pected by chance. It suggests the
Langmuir-Hinshelwood model of catal-
ysis is a descriptive model at least for
this ion exchange resin catalyst.

The Nature of the Catalytic Site and
Apparent Mechanism of the Catalytic
Reaction

The studies of Glueckauf and Kitt
indicated that the first water molecule
adsorbed on sulfonic acid ion exchange
resin was taken up in hydration of the
hydrogen ion. Experiments of the
present work indicate that each mole-
cule of water or alcohol is adsorbed
upon an individual acid site. By appli-
cation of the postulate of Glueckauf
and Kitt to ethanol it is seen that the
carbonium ion (conjugate acid) re-
quired for the reaction to proceed may
be supplied upon the adsorption of
the ethanol molecule.

This conclusion allows further spec-
ulation into the mechanism of the cat-
alytic reaction with emphasis on the
distinction between the reaction of two
adsorbed ethanol molecules and the
reaction of an adsorbed molecule with
one from the vapor. Two possibilities
for the need of adjacent sites in the re-
action between an adsorbed molecule

TasrLe 3. SuMMARY OF CONSTANTS FROM KINETICS AND ADSORPTION MEASUREMENTS

Kinetics

T,OC. K Kw Kz | X 10° Keq

120.0 34 70 (0) 229 252

105.8 8.9 22 (0) 40 30.2

79.9 (63) (230) (0) (3.8) 44.3

Adsorption Molar sites/g. resin

T, °C. K4 Kw Kz L Lw Lg+
116 2.5 7.6 (0) 0.0052 — 0.0054
100 8.9 136 (0) 0.0039 — 0.0034
79 17 (13) (0) 0.0053 0.0052 0.0054
A.L.Ch.E. Journal Page 627



of alcohol and one from the vapor
phase were the adsorption of alcohol
on a dual site and the requirement that
adjacent sites be available for ether
and water in the reverse reaction. The
first possibility becomes rather unlikely
in view of the above argument. Sec-
ondly both kinetics and adsorption
studies indicated the adsorption of
ethyl ether to be slight or negligible.
Thus it is probable that the reverse re-
action proceeds via the impact of an
ether molecule from the vapor phase
with an adsorbed molecule of water.
It appears that the reaction on ion ex-
change resin catalyst does take place
between two adjacently adsorbed
molecules of ethanol. It is believed that
such a mechanism is reasonable in view
of the extensive adsorption of ethanol.

Validity and Utility of Langmuir-
Hinshelwood Model

The success of the Langmuir-
Hinshelwood model of heterogeneous
catalysis, in spite of the limitations of
the Langmuir adsorption isotherm in
describing real systems, has been
noted here and by others. It is of in-
terest to consider at this time possible
explanations for this success.

The adsorption studies have shown
the assumptions of monolayer coverage
and constant heat of adsorption with
coverage to be inapplicable to the
water-ion exchange resin system. Bou-
dart (I) has analyzed the effect of
variation of heat of adsorption and has
pointed out that “a real surface may
be considered as a statistical collection
of ideal surfaces, and for a given cata-
Iytic reaction only a limited number of
the ensemble play an active part,
forming a quasideal surface.”

With regard to the assumption of
monolayer coverage the fact that a
given material, for example water, may
be adsorbed in excess of a monolayer
does not require the excess material to
play an active part in the catalytic
reaction. On the contrary only chemi-
sorption, characterized by large heats
of adsorption, is believed to sufficiently
activate the adsorbed molecules to
bring about chemical reaction. Since
adsorbed layers beyond the first are
characterized by heats of adsorption
nearer to the heat of vaporization of
the adsorbate, these layers would not
be expected to participate in the reac-
tion except perhaps in some secondary
fashion. Thus the use of the Langmuir
isotherm in the development of rate
equations might be viewed as consider-
ing only the significant adsorption.
Furthermore the partial pressures of
reacting substances in vapor phase
reactions will quite often result in ad-
sorption equilibria below monolayer
coverage. As a result the Langmuir
isotherm may find more appropriate
use in describing reaction rate data
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than in describing pure component
adsorption data.

A third assumption in the Lang-
muir isotherm, not evaluated in this
work, is that multicmnponent mixtures
are adsorbed without interactions be-
tween components. This assumption
may be the most seriously limiting of
the three. Reeds and Kammermeyer
(18), in a study on the vapor-solid
system methanol-benzene-porous glass,
have demonstrated the existence of an
adsorption azeotrope analogous to
azeotropes in vapor-liquid equilibrium
systems. The difficulty of predicting
the adsorption characteristics in such
a binary system from pure component
adsorption data is apparent. Never-
theless it may be that over the range
of investigation of many studies these
interactions will be small. The present
study may be an example of such a
situation.

Further investigation may indicate
the extent to which these conclusions
are applicable to other reacting sys-
tems, other operating conditions, and
other forms of catalyst. Meanwhile the
use of such a reaction model, supple-
mented if possible by adsorption data,
is believed to give more insight into
the nature of a surface reaction than
would a mechanical application by
curve fitting of empirical equations
which have no theoretical foundations.
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NOTATION

A, E, W = subscripts referring to al-
cohol, ether, and water

H* = subscript referring to acid
exchange capacity of catalyst

k = grouped constants in the
kinetic term of rate equation

ks = forward adsorption velocity
constant for - aleohol, atm.”
min.™

k. = forward specific (surface) re-
action velocity constant, min.™

k* = ksL/2

K,, K, Ky = Langmuir equilibrium
adsorption constants, atm.™

K., = thermodynamic  equilibrium
constant, dimensionless

L = total adsorption sites on cata-
lyst, g.-moles of sites/g. of
catalyst

0 = subscript  indicating  initial
value, bed entrance value, or
feed value

Ps, Pz, Py = partial pressures, atm.

P.,. = saturation pressure of vapor,
atm.

r = rate of reaction, g.-moles of
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alcohol reacted/g. of catalyst

min.

number of catalyst sites adja-

cent to a given site, dimen-

sionless

temperature in reactor, °C.

mass of catalyst, in bone dry

state, g.

reciprocal space velocity, g. of

catalyst min./g. mole of feed

conversion, g.-moles of alcohol

reacted/g.-mole of feed

y = g. adsorbed/g. of catalyst

yn = g adsorbed in a monolayer/
g. of catalyst
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