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JN MANY INDUSTRIAL chemical processes, 
the reactions are catalytic, taking place on 

internal surfaces of high-area porous solids. The 
chemical nature of surface catalytic sites is dif­
ficult to determine, and consequently an industrial 
catalyst is chosen not from understanding of re­
action mechanism, but from results of trial-and­
error experiments designed to determine the solid 
having the best combination of catalytic activity 
(measured by reaction rate), selectivity (meas­
ured by product distribution), and stability 
(measured by rate of decay of activity and selec­
tivity during operation). Potential catalysts are 
often evaluated in continuous flow reactors at 
conditions approximating those of industrial op­
eration. Products flowing from test reactors can 
be analyzed efficiently by such methods as gas 
chromatography or mass spectrom,etry, and:tests 
may be designed to establish from product ana­
lyses the influence of temperature, pressure, and 
reactant composition on catalyst activity, selec­
tivity, and stability. 

Before the development of analytical methods 
like gas chromatography allowed efficient evalua­
tion of catalyst performance, there was little 
quantitative data available. Early researchers in 
catalysis recognized the advantages of experi­
ments that could be interpreted without the need 
for frequent product analyses, and consequently _ 
some of the most thorough investigations con- -' 
cerned reactions of model compounds which give 
gaseous products and allow rates of reaction to be 
measured as rates of gas evolution. For example, 
the following decomposition reactions have been 
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studied extensively to characterize catalysis by 
solid acids and by metals [l, 2, 3] : 
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. Reactions in this class are no longer objects 
· ~o:f much research, but they 'f etain their value as 

easily accessible means for study of heterogene­
ous catalysis, a practically important subject 
which is usually neglected in undergraduate lab­
oratories. Our objective is to point out a hetero­
geneously catalyzed reaction, the dehydration of 
t-butyl alcohol to give isobutene, which can be in­
vestigated in a simple, inexpensive, and safe ex­
periment; yielding thorough kinetic data in a 
short time. One of the recommended catalysts is 
an. ion-exchange resin, which is applied industri­
ally to catalyze the hydration of propylene to give 
isoproply alcohol [4]. 

EXPERIMENTAL METHODS 

TERTIARY-BUTYL ALCOHOL at its boiling 
point (82.5°C) undergoes no decomposition 

reaction, but in the presence of an acid such as a 
sulfonated copolymer of styrene and divinylben­
zene (an ion-exchange resin) , 
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a decomposition reaction proceeds rapidly, giving 
water and isobutene gas [5]. The rate of isobutene 
evolution can be measured easily with a soap­
film flow meter or a wet-test flow meter. When 
this rate is measured with the equipment shown 
in Figure 1, the reaction rate can be measured as 
a function of alcohol concentration in solution 
with methylcyclohexane ( expected to be an inert 
diluent) and as a function of alcohol concentration 
in solution with water (a reaction inhibitor) . 
Methylcyclohexane and water have been chosen 
because each forms an azeotrope with t-butyl 
alcohol at about 78°C; a range of solution com­
positions, all boiling at nearly the same tempera­
ture, can therefore be studied-and the reactants 
themselves provide a thermostat. 

In the suggested experiment, a series of 
methylcyclohexane-t-butyl alcohol solutions is pre­
pared, and each is stored over particles of ac­
tivated Linde 4A Molecular Sieve to remove im­
purity water. In a kinetics experiment, 200 ml of 
solution are charged to the reaction flask and 
brought to a boil. A weighed sample of ion-ex­
change resin catalyst beads (Amberlyst 15, Rohm 
and Haas) is tranfserred rapidly to the reactor 
from a vaccum oven at 120°C, where it has been 
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FIGURE 1. Apparatus for Measurement of t-Butyl Alcohol Dehydration 

Kinetics. 
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FIGURE 2. Rates of t-Butyl Alcohol Dehydration (8). 

dried overnight. The rate of evolution of isobutene 
is then measured periodically, about once per min­
ute, for half an hour. Typical results (Figure 2) 
indicate a rapidly increasing rate of evolution as 
the solution becomes saturated with isobutene. 
After saturation, the rate of evolution becomes 
equal to the rate of reaction, which decreases with 
time as water accumulates in the reactor and in­
hibits reaction. The reaction rate characteristic of 
the initial solution composition is determined by 
extrapolation of the reaction rate data to zero time 
(Figure 2). Rate is determined for various stir­
ring speeds and amounts of catalyst in the reactor, 
and when there is no effect of either variable on 
rate per equivalent of catalyst - S03 groups, de­
termined by titration (ref. 6, pp. 91-92), the re­
action is free of the influence of mass transfer in 
the liquid phase, and intrinsic chemical kinetics 
are determined [7]. 

Data for water-alcohol solutions are obtained 
in a similar way; the procedure is simpler when 
the water concentration is high. Then as il­
lustrated by the data of Figure 2, the solution 
becomes saturated rapidly with isobutene, and 
after data are collected for a few minutes, a 
known amount of water is added to the reactor 
and the procedure is repeated for the new solution 
composition. 

RESULTS 

A SET OF RATE DATA is shown in Figure 3 
[8]. These results demonstrate kinetics com­

mon to many reactions catalyzed by surfaces and 
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enzymes: The data represented by the dashed line 
show that the reaction is approximately first 
order in reactant concentration at the lowest 
values, approaching zero order at high values as 
the catalytic sites (sulfonic acid groups) become 
saturated with reactant. The data represented by 
the solid line show that water present at the low­
est concentrations is a strong inhibitor, compet­
ing with alcohol for the catalytic sites. When 
water is present in high concentrations, it is no 
longer an inhibitor (inset, Figure 3) ; the resin 
becomes strongly hydrated and similar to an aque­
ous solution of dissociated acid; the reaction is 
catalyzed by hydronium ions and is first order in 
reactant concentration. 

An interpretation of the catalyst structure 
and reaction mechanism is given elsewhere with 
an empirical rate equation [8]. Determination of a 
non-linear rate equation to fit the data is easily ac­
complished with the least-squares algorithm of 
Marquardt [9], which is a standard program avail­
able at many computer centers . 

EXTENSIONS OF THE EXPERIMENT 

THE ADVANTAGES OF THIS experiment are 
the ease of production of kinetic data and the 

many possibilities for modification and extension. 
Most of the modifications suggested in the follow­
ing paragraphs have been investigated by students 
in freshman research seminars at the University 
of Delaware and Massachusetts Institute of Tech­
nology. 

Catalysts-The resin catalyst can be modified 
easily by ion exchange, as sulfonic acid groups 
are replaced by their salts.* Replacement of acid 
groups markedly reduces catalytic activity [10]. 
The reaction is also catalyzed by many other in­
soluble acids, including commercial zeolite crack-

Our objective is to point out a reaction, 
the dehydration oft-butyl alcohol, 
to give isobutene, which can be investigated 
in a simple, inexpensive and safe 
experiment; yielding thorough 
kinetic data for a 
heterogeneously catalyzed reaction. 

*The process of ion exchange is widely applied in water 
pur ification, and this application of the r esins is industr ially 
much more important than catalytic applications _[9]. 
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FIGURE 3. Kinetics of t-Butyl Alcohol Dehydration Catalyzed by Sul­

fonic Acid Ion-Exchange Resin at 80 ± 2°c (8). 

ing catalysts (used in gasoline manufacture) and 
the zeolite H-mordenite [11]. The zeolites have 
only about 1 % of the activity of the sulfonic acid 
resin per unit mass of catalyst. Soluble acids such 
as p-toluenesulfonic acid** and polystyrenesul­
fonic acid (analogs of the resin) can also be used. 

Reactions-Other alcohols, e.g. s-butyl alcohol, 
undergo dehydration reactions to give olefins in 
the presence of the resin catalyst. Reaction of 
s-butyl alcohol at its normal boiling point 
(99.5 °C) proceeds at only about 0.2 % of the rate 
observed for t-butyl alcohol at its normal boiling 
point. 

Decomposition reactions giving carbon mon­
oxide from formic acid and from methyl and 
ethyl formates have also been investigated with 
the resin catalyst [13]. 

Reactor Design-A modified glass reactor 
shown in Figure 4 (a Schwab reactor) has been 
used for determining rates of reaction occurring 
as vapor-phase reactants flow at steady state 
through a bed of catalyst particles. Analysis of 
the reactor performance has been described by 

**The anhydrous acid can be pr epared from the com­
mercially ava ilable monohydrate by drying under high 
vacuum at 40 °C for 130 hours [12]. 
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Weisz and Prater [2]. This reactor has a sep­
arately heated catalyst section, allowing study of 
reaction at various temperatures. 

The reactor is suited to all the reactants and 
catalysts mentioned in the preceding paragraphs. 
Ifs-butyl alcohol is used as the reactant, then the 
gas produced in the resin-catalyzed reaction is 
butene-1 plus cis- and trans-2-butenes; the selec­
tivity can therefore be studied as a function of 
temperature and alcohol and water partial pres­
sures [14], provided an instrument such as a gas 
chromatograph is available for product analysis. 

Since the resin catalyst undergoes desulfona­
tion and loss of catalytic activity during operation 
at temperatures higher than about 130°C, this 
reactor also provides an opportunity for evalua­
tion of catalyst stability. 

Mass Transfer-Mass transfer effects in cat­
alyst particles have been- observed with - ion­
exchange resins like Dowex 50W-Xl2. This, is a 
nonporous gel-form resin distinct from Amber­
lyst 15, which is a porous solid with a high- in~ 
ternal surface area, and the foterior acid -groups 
of the gel are inaccessible to reactant -alcohol 
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until water is present to hydrate and swell the 
resin and allow passage of alcohol molecules be­
tween the polymer strands. The performance of 
gel-form catalysts depends strongly on particle 
size, crosslinking (divinylbenzene content), and 
water content, and the effects can be measured 
with the apparatus shown in Figure 1 [6]. 

The operation of each reactor can also be mod­
ified by inclusion of a dessicant such as Linde 4A 
Molecular Sieve, which selectively adsorbs water 
produced in reaction and reduces the product in­
hibition as reaction proceeds. • 
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