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SUMMARY OF RESULTS

The hydration of liquid n-butene to sec-butyl alcohol 
using a cation exchange resin catalyst was studied in a 
flow reactor under steady-state conditions. The experi­
mental variables investigated were:

Temperature 115e to 145 °C 
Resin sise 50 - 400 mesh 
Resin weight 5 • 60 gms. 
Resin crosslinkage 8% and 12% divinylbensene 
Superficial liquid velocity 40 - 1100 cm/hr. 
Butene conversion (hydration) 12.2% max. 
Alcohol conversion (dehydration) 30.7% max. 
Feed composition

Mol % butene 20 - 82% 
Mol % alcohol 0 - 2$%

Integral reaction rates were measured as a function of 
temperature and space velocity. The initial chemical re­
action rate for the two liquid phase feed was correlated by 
the equation

rt - 9.0 x 1010 exp (-24800/RT)

which indicates an activation energy of 24800 cal/mol for the 
crosslinked, sulfonated polystyrene resin catalyst used.



The following value» were determined for the volumetric 
efficiency of the resin:

Resin Volumetric
mesh else . Efficiency, $

50 - loo 89%
100 - 200 97%

These values Indicate that resin phase diffusion is not a 
major determinant of reaction rate for this system.

For resin of 100 - 200 mesh sise, the reaction rate did 
not become independent of liquid flow rate until the super­
ficial liquid velocity was increased to about 1100 cm/hr. 
The existence of a large mass transfer resistance within the 
liquid phases at lower velocities may be ascribed to the 
presence of two almost completely immiscible liquid phases.

Equilibrium conversions of n-butene of from 8 to 12# 
were measured for the liquid phase reaction and were cor­
related with temperature and butene content of the feed. 
Equilibrium conditions were approached from both hydration 
and dehydration. The slopes of several liquid-liquid tie­
lines representing simultaneous chemical and phase equilibrium 
were determined from equilibrium conversions obtained with 
feeds of two different butene/water ratios. These measure­
ments confirmed the prediction that the alcohol content of 
the butene-rich phase is much greater thmi that of the cor­
responding water-rich phase.



Estimates of the desulfo.nation rate of the resin in the 
environment of the butene hydration reaction Indicate that 
it would take 2 1/2 years at 145*C for the resin to be $0% 
desulfonated.

Exploratory experiments Indicate that both the resin 
catalyzed reaction rates and the position of chemical equi­
librium are more favorable for the hydration of propylene 
than for butene.

It was found that the cation exchange resin could replace 
sulfuric acid in the two-step esterification-hydrolysis pro­
cess for making sec-butyl alcohol. In this sense, therefore, 
the cation resin may be said to act chemically as a strong 
acid. Within the limitations of the data obtained, the 
hydration rates by the two step process appeared to be much 
lower than for the continuous catalytic process.
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I INTRODUCTION

The catalytic properties of various ion exchange 
materials have been known for many years. It is only within 
the lastedecade, however, that the use of synthetic organic 
ion exchange resins as catalysts has been investigated. Those 
cation exchange resins which act as strong, highly ionized 
acids have been found to catalyze many reactions which are 
catalyzed by strong inorganic liquid acids such as sulfuric 
or hydrochloric acids. (9)(17)(19)

Some of the advantages of the solid resin acid catalysts 
are listed below:

(1) No acid separation or neutralization step is 
required since the resin is a solid.

(2) Continuous processes are conveniently designed 
by passing the reactants over fixed beds of resin.

(3) Some undesirable side reactions encountered with 
strong inorganic acids may be avoided.

(U) The catalyst has a potentially long life, thus 
reducing catalyst costs.

(5) Unusual selectivity effects not found with liquid 
acids may be found in some cases, and are believed 
to be associated with the reduced degrees of free­
dom of the solid acids. (13)

(6) Equipment costs may be reduced since the handling 
of corrosive inorganic acids is avoided.
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Although a considerable number of reactions have been 
investigated with ion exchange resins as catalysts, most of 
these were chosen for convenience in demonstrating and de­
fining the technique, or were for the synthesis of chemicals 
not of significant industrial importance. The hydration of 
normal butene to secondary butyl alcohol was chosen for this 
study after preliminary experiments indicated that the re­
action rate with a cation exchange resin catalyst was in the 
commercially attractive range. Also, this reaction, as well 
as being itself of current commercial importance, represents 
one of the series of industrially important hydrations of 
mono-olefins to secondary alcohols. In the case of secondary 
butyl alcohol, the production rate amounts to about 38 million 
gallons annually. Its principal uses are for the production 
of methyl ethyl ketone, secondary butyl acetate, lacquers, 
and miscellaneous solvents.

%) to the present, two basically different types of pro­
cesses for this hydration reaction have been developed. In 
the continuous catalytic vapor phase process, butene and water 
at high temperatures and pressures are passed over a solid- 
supported, inorganic acid-type catalyst. The other, and more 
industrially popular process, involves a two-step synthesis, 
using sulfuric acid to absorb and esterify the butene in the 
first step, and hydrolysis of the mono-butyl sulfate to the 
secondary alcohol in the second step. in the present study 
the major focus will be a continuous liquid phase process 
using a cation exchange resin as the catalyst.



In the 1958 edition of his book "Ion Exchange Resins," 
Kunin (16) etatee, "Except for theee few induct rial examples, 
the use of ion exchange resins ac catalysts still remains a 
laboratory curiosity." It le believed that the present study 
removes this fascinating tool one step further from the status 
of a curiosity.



II THEORETICAL ORIENTATION OF THE STUDY

The experimental approach of the study was determined 
by the nature of the various equilibria and rate processes 
involved. Phase equilibria between the two liquid phases 
present, and between liquid and resin, as well as the chemical 
equilibrium of the hydration reaction, define the limiting 
conditions. Mass transfer rates within the liquid phases, 
and diffusions! and chemical reaction rates within the resin 
determine the rate of approach to the limiting conditions. 
It will be seen that the peculiarities of this particular 
reaction system make inapplicable a number of techniques and 
approaches which have been used in similar studies.

Phase Equilibrium Relations of the Liquid Reactants

The data of Alexejew and others ( 1^), (sec page 5 
Figure 1 ), show that sec-butyl alcohol and water are only
partially miscible at low temperatures. The extent of the 
two phase region decreases as the temperature is increased 
until the components become completely miscible at the critical 
solution temperature of 113.1°C. Liquid butene and water are 
almost completely immiscible at all temperatures, whereas sec­
butyl alcohol and butene are completely miscible liquids. Since 
the ternary phase diagram for sec-butyl alcohol, water and 
butene may be viewed as an extension of the three binary phase 
diagrams into the corresponding three-component system, it is
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seen that the latter will contain a large region of two liquid 
phases in equilibrium. (c.f. Figure 2 ) For the ternary
system, neither the liquid-liquid solubility curve nor the 
equilibrium tie-lines at any temperature have been reported.

Because of the pressure, about 55 0 psla, required to 
maintain the system in a completely liquid state at the 
highest temperature involved in this study, an accurate 
determination of this liquid-liquid phase equilibrium 
information would, in itself, be a major undertaking. How­
ever, as a guide to planning the study, the phase behavior of 
this system may be approximated from an examination of the 
data for many similar hydrocarbon-alcohol-water systems as 
collected by Seidell (22 )• For example, this author includes 
liquid phase equilibrium data for the system propylene-Isopropyl- 
alcohol-water. With these guides, the liquid-liquid solubility 
curve in the pertinent range of temperatures has been approxi­
mated as shown on Figure 2. Variation in the slope of tie­
lines connecting the composition points of two phases in 
equilibrium in the ternary system may also be deduced in the 
absence of direct experimental data. At any temperature below 
the sec-butyl-alcohol-water critical solution temperature of 
113.1*0, the liquid-liquid solubility isotherms for the ternary 
enclose an area which extends from the butene-water base to the 
alcohol-water side of the phase diagram. It follows that the 
slope of the tie-lines changes rapidly from being parallel to 
the butene-water base to running parallel to the alcohol-water 
side. Since the temperature range of the present investigation
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begin» just above the critical solution temperature, it 
follow» that the alcohol content of the butene rich phase 
will be in general much greater than that of the corres­
ponding equilibrium aqueoua phase.

Chemical Equilibrium for the Liquid Reactants

The chemical equilibrium for the hydration of n-butene 
to sec-butyl alcohol has been studied by a number of inves­
tigators (18 ) (26 ). These studies show that the position of 
equilibrium becomes more favorable as the temperature is 
decreased, which 1» consistent with the exothermic nature of 
the hydration reaction. These data were all obtained from 
vapor phase operations, conducted at high temperatures and in 
part also at high pressures. Their use for the present re­
latively low temperature, liquid phase study therefore presents 
considerable difficulty. The experimental data of these 
investigators can be most usefully expressed in terms of equi­
librium constants based on thermodynamic activities, which 
can be calculated with reasonable accuracy from their experi­
mental vapor phase compositions. While these reaction equi­
librium constants may be extrapolated with some confidence to 
the temperature range of this study, the calculation of equi­
librium liquid phase compositions from these equilibrium 
constants requires the corresponding liquid phase activity 
coefficients. The highly non-ideal nature of the liquid 
ternary however, precludes obtaining these activity coefficients 
by any method other than direct experimental measurement. Again,



9

»« was th» ease for the phase equilibrium study discussed 
earlier, the determination of these activity coefficients 
would require a comprehensive investigation at pressures up 
to 550 pela. Since the use of the existing equilibrium 
constants would necessitate this additional study, the alter­
native of direct measurement of the chemical equilibrium 
relations for the liquid-phase reaction was considered. By 
using different operating conditions, the same flow reactor 
used for the reaction rate experiments may be used to deter­
mine the chemical equilibrium relations. Equilibrium con­
centrations can be approached from both sides, that is, from 
dehydration as well as from hydration, in order to improve 
the reliability of the equilibrium values obtained. The 
method of direct measurement of chemical equilibrium was 
chosen since it was believed that more accurate results would 
be obtained.

Butene Hydration Reaction Rate Studies

Chemical reaction rates for the hydration of normal butene 
have been measured by a number of authors. Detailed rate studies 
of the high temperature (150» - 400»C), high pressure (to 
10,000 psi) vapor phase hydration have been carried out by 
several workers, including Marek and Plage (18), and Dale, 
Slelpc.vlch and White (8 ). Also, the extensive patent ’ 

literature on this process contains an additional body of more
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fragmentary reaction rate data. Besides the vapor phase 
studies, a number of investigations have been made of the 
two-step hydration process. In this process the butene is 
first esterified with an inorganic acid such as sulfuric 
acid to form the mono-butyl sulfate, which, in the second step 
of the process, is hydrolyzed to secondary-butyl alcohol (c.f. 
summaries by Ellis ( 10 ) and Goldstein (11 ). The focus of 
the current study, that Is, continuous catalytic hydration in 
the liquid phase using a porous solid acidic catalyst, does 
not overlap the above investigations, and provides reaction 
rate infomatfon on a type of operation not previously studied.

Ion Exchange Resin Catalyst

The composition and properties of the cation ex­
change resin used has a controlling effect on the reaction. 
These resins may be divided into two main types, the weak 
acid resins containing carboxylic or phenolic groups, and 
the strong acid resins containing sulfonic or phosphonic 
groups. Since for reactions catalyzed by acids the re­
action rate is usually proportional to the activity of the 
hydrogen ions, the weak acid resins are not generally 
attractive as catalysts. l&oAg t@& strong acid resins, 
the most thoroughly developed and generally attractive 
type is sulfonated polystyrene, cross-linked with divinyl- 
benzene. The amount of di vinylbenzene used is limited by 
the properties desired for the final sulfonated product.
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For less than divinylbenzene the resin beads begin to 
swell excessively in aqueous liquids, and the relatively 
high solubility of the resin makes then commercially un­
attractive. On the other hand, resins crosslinked with 
more than 12$ divinylbenzene tend to form very rigid, non­
swelling beads, in which the diffusional resistance for 
most materials becomes unpractically high. For most systems 
the optimum crosslinkage corresponds to about 6$ divinyl­
benzene. It is this resin which was chosen for the present 
study. The structure of this three-dimensional polymer is 
illustrated schematically below:

Since the polystyrene network is sulfonated by reaction 
with concentrated sulfuric acid, the reverse process, that is, 
hydrolysis of the sulfonated resin, must also be considered.
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This reversible reaction may be represented as:

- Hjn + n H2S0^ » p - n + n HgO

In which represents the organic monomer base of the resin. 
For any reaction in the presence of water, the rate of 
hydrolysis of the resin may be taken as the rate of deacti­
vation of the catalyst, provided that

(1) the resin does not depolymerize at the 
reaction temperature,

(2) there are no cations in the system to 
exchange with the hydrogen ions of the 
resin, and

(3) that the resin does not become fouled 
with reaction products or by-products.

Boyd, et al ( 5 ) investigated the stability of sulfonated 
polystyrene resins in the hydrogen form by heating them with 
water in a quartz tube. They found that hydrolysis of the 
resin occurred before the resin began to depolymerize, and 
that above 180*C the desulfonation rate became quite rapid. 
Bauman, et al ( 4 ) also give fragmentary hydrolysis rates at 
high temperatures. It is evident that the existing data are 
not sufficient to estimate resin life for the conditions of the 
system under study. Also, since the hydrolysis rate increases 
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with temperature, the resin desulfonation will impose an 
upper temperature limit on the practical range of use of a 
particular resin.

The effectiveness of cation exchange resins as catalysts 
has now been investigated for a considerable number of re­
actions. These are summarised regularly by Kunin,et al ( 2 ) 
and others ( 1 ). Some of the types of reactions which are 
known to be catalyzed by cation resins are esterifications, 
ether and acetal formations, alcoholysis reactions, hydrolyses, 
dehydrations, cumene hydroperoxide decomposition, and aldol 
condensations. Some of these investigations have been only semi- 
quantitative, only a few have concerned reactions of current 
industrial significance, and little attention has been given 
the question of resin life. Also, most of the above reactions 
were known to react rapidly in the presence of conventional 
acid type catalysts, whereas butene hydration rates are 
relatively slow. Because of the slow hydration rates, the use 
of operating temperatures higher than in any of the above 
studies was anticipated. This study provides, therefore, an 
appreciable extension of knowledge of the catalytic effectiveness 
of sulfonated crosslinked polystyrene resins.

Theoretical Analysis of Heterogeneous Reaction System

The reaction system consists of a bed of resin spheres 
and a feed of constant inlet composition flowing at a steady 
rate through the bed, which is maintained at a constant tern-
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Perature. Once steady state has been established, compositions 
at all points in the bed are invariant with respect to time. 
At steady state four basic factors can be distinguished which 
together determine the overall hydration rate. Those are:

(1) mass transfer rates of reactants from the liquid 
to the resin surface and of the product in the 
opposite direction,

(2) the phase equilibrium relation between resin 
phase concentrations at the resin surface and 
concentrations in the immediately adjoining 
liquid stream,

(3) the diffusion rate of reactants from the surface 
of the resin spheres into the resin, and the 
corresponding outward diffusion of the reaction 
product, and .

(4) the rate of reaction within the resin phase.

If the liquid flow rate is sufficiently high, the mass 
transfer resistance can be neglected, and the rate of dis­
appearance of a reactant becomes dependent upon its reaction 
rate and its diffusion rate within the resin sphere. Mathe­
matical techniques have been developed by Smith and Amundsen 
( 25 ) and by Saletan and White ( 21 ) for handling the problem 
of simultaneous diffusion and chemical reaction in beds of 
spherical resin particles. Since the more generally applicable 
method of Saletan will in part be used in this study; a des* 
cription of this approach will be given. '
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By definition of the steady state condition, the net 
rate of diffusion of a reactant into any spherical lamina 
of a resin bead must be equal to the rate at which it dis­
appears by reaction in the lamina. A non-linear second order 
differential equation in reactant concentration and resin 
radius may be obtained by using Fick's law to relate the 
diffusion rates to concentration gradients, and a postulated 
reaction mechanism to relate reaction rates to concentrations. 
A number of approximations reduces this differential equation 
to a Bessel's equation of one-half order, the solution of 
which follows directly. The solution obtained expresses the 
radial concentration gradients of any of the reactants as a 
function of radius and concentration at the resin surface. 
From the concentration gradient at the resin surface, an ex­
pression may be obtained for the volumetric average rate of 
reaction within the resin bead. From this expression one can 
separate a group of terms which represent the reaction rate 
at the resin surface. The remaining terms may therefore be 
considered as an efficiency factor, since they represent the 
ratio of the volumetric average reaction rate to the reaction 
rate at the surface of the resin bead. This efficiency factor, 
designated 0 by Saletan, is an analytic function of R, (the 
resin radius) and ? , (a collection of terms involving reaction 
rate constants and diffusivities of the components in the resin 
phase). The form of the efficiency factor is

$ — (coth 
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and la reproduced from Saletan aa Figure 3 . Having thua 
obtained an caproseion relating volumetric average reaction 
rate to reain our face concentrations and the efficiency factor 

there remains only the step of replacing reain aurface 
concentrations with liquid phase concentrations. This la 
accomplished by use of equilibrium phase dlatribution co­
efficient e, a, representing the ratio of resin phase to liquid 
phase concentration for any component. Thus a differential 
equation is obtained relating reaction rate to liquid phase 
composition and to an efficiency factor representing the 
diffusional resistance within a resin bead. This differ­
ential equation may be integrated to yield integral conversion 
data for a flow reactor.

Application of the Efficiency Function Analysis to the Present Study

The setting up and solution of the Saletan analysis for 
ion exchange catalysis involves a number of assumptions and 
simplifications which are not applicable to the present system. 
The highly non-ideal nature of the ternary liquid reactants 
make it most unlikely that any reaction rate expression in 
terms of concentrations would be applicable beyond a very 
limited range of composition. A rate expression in tens of 
thermodynamic activities would require activity coefficients 
which would be sensitive functions of concentration due to the 
nature of the system phase behavior. The difficulty of mea­
suring these activity coefficients has already been discussed. 
Similarly, for all systems analysed by this method, c.f. Saletan
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(21 ), Barker ( 3 ), and Klein ( 15 ), it has been possible 
to adequately represent chemical equilibrium by an equi­
librium constant in terms of concentrations, and to represent 
liquid phase-resin phase distribution ratios and the resin 
phase diffusivities of each component as constants,Independent 
of concentration. For the butene-water-butyl alcohol system 
the first two of these simplifications are wholly inadequate 
and the third is highly improbable. It must be concluded 
that the reaction system variables as a whole cannot be 
analyzed by this method, since even if all the missing thermo­
dynamic data were available, the differential equations which 
result cannot be solved.

However, one aspect of the Saletan analysis, that is the 
variation of the efficiency function, 0 , with resin radius, 
R, will remain the same in spite of the difficulties in applying 
the entire analysis. It should be noted that for the acetone 
condensation reaction, Klein ( 15) was unable to derive a satis­
factory 0 function from the theoretical basis derived by Saletan. 
In spite of this, he was able to use the theoretical form of the 
relation to empirically determine satisfactory values of # as 
a function of resin size. In an analogous manner the theoretical 
form of the efficiency function resin radius relation will be 
used in this study to evaluate the approach to 100% resin effi­
ciency obtained with small diameter resin beads.



Scope of the Present Study

Following the consideration of the equilibria and rates 
involved for this particular resin catalyzed system, and the 
difficulties in obtaining a comprehensive mathematical treat­
ment, the following study was carried out. Integral reaction 
rates were measured over the interesting range of temperature 
at a number of space velocities, using relatively small resin 
beads so that the resin phase diffusions! resistance was 
negligible ( i.e. operating with resin efficiency factors 
approaching unity). These integral reaction rates were ex­
trapolated to initial reaction rates, which in turn are 
correlated with temperature. Hydration rates were measured 
for binary and ternary liquid feeds, with the total feed com­
position falling both Inside and outside the two phase liquid 
envelope. Four other factors that affect reaction rates, that 
is, liquid phase mass transfer resistance, the ratio of the 
two liquid phases, percent crosslinkage of the resin, and resin 
life were also studied. The position of chemical equilibrium 
as a function of ten^erature and feed composition was de­
termined by approaching equilibrium from both sides in a flow 
reactor operated at low spate velocities.

In addition to these studies of the continuous catalytic 
hydration of normal butene, two exploratory Investions were 
made:

(1) The feasibility of operating the conventional two-step 
esterification-hydrolysis alcohol process with cation
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exchange resin replacing the sulfuric acid.
(2) A few runs on hydration of propylene were made to evaluate 

roughly the applicability of the continuous resin catalyzed 
process to this homologous olefin.



Ill EXPERIMENTAL EQUIPMENT

Plow Diagram

The flow diagram is shown on Figure Butene is stored 
in an insulated pressure vessel, one cubic foot in volume. 
The butene is kept as a liquid at room temperature by main­
taining a pressure of about ^0 psi from a helium cylinder 
through a water seal. The level of the water seal can be 
assurately read in a calibrated gaging cylinder, and these 
readings are used to determine the volumetric flow of butene 
to the reactor.

Water, (at times aqueous sec-butyl alcohol solution) is 
stored in the other gaging cylinder under the same pressure of 
helium as above. The gage level readings of this calibrated 
cylinder are used to accurately measure the water flow rate.

The reciprocating piston-type pump delivers each liquid 
separately to a pair of helium loaded surge vessels. The 
pulsations in liquid flow rate from the piston delivery of the 
pump can be almost eliminated by selection of an appropriate 
helium charge for the surge vessels.

The liquid feed streams enter the reactor from the opposite 
sides of an inlet tee. Two stainless steel cones, each con­
taining a 0.006" diameter hole, were placed at the entrances 
to the inlet tee so that each liquid stream had to pass through

21
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this email orifice just before the streams mixed. This device 
was designed to br*ak up the two immiscible liquid feed streams, 
although the break-up would probably not be sufficient to cause 
emulsification.

The liquid reactants pass downwards over the bed of resin 
catalyst, and leave the reactor at the bottom. A gas loaded 
back-pressure control valve maintains the reactor pressure at 
600 psi and allows the product to flow out at a steady rate. 
Downstream of the pressure control valve the butene flashes at 
atmospheric pressure. The liquid and gas products are separated 
at the inlet of the liquid product receiver. The butene-rich 
gas phase is first passed through a water bubbler, then through 
a wet test meter/ and finally is discharged to the atmosphere.

Much of the equipment used for this study was constructed 
earlier for an investigation of the dehydration of n-butyl 
alcohol ( 24)* Details of this original equipment may be found 
in the dissertations of Sleipcevich ( 23 ) and Dale ( 7 ). How­
ever, a discussion of the equipment modifications required for 
the present hydration study are given below.

Sleipcevich and Dale used a Hills-Me Canna pump, type HAJD-
3/8", dual unit. It had, however, given undependable service. 
The source of the trouble was occasional severe back-leakage 



through any of the four conical check-valves (one suction ahd 
one discharge check valve for each side of the dual pump). 
This difficulty continued to recur during the early part of 
the present investigation, but was solved by the replacement 
of the original male check valves with a set of four check 
valves of quite different design. The basic change in design 
was to lower considerably the center of gravity of the male 
conical element. In operation this piece alternately lifts to 
allow passage of fluid, then drops back into the mating conical 
seat in order to prevent any back-flow during the other half of 
the pumping cycle. Although considerable pressure is applied 
on top of the male check valve once it has seated, the initial 
positioning of the check valve is determined solely by gravity. 
It was therefore concluded that slightly imperfect mating of 
the conical surfaces was quite possible when the center of 
gravity of the moving piece was considerably above the mating 
area. The check valve assembly, including both male check valve 
designs, is shown on Figure $. The original male check valves 
were manufactured from an extremely hard alloy, Hastelloy D. 
The new pieces were machined from a research alloy of equivalent 
hardness, provided by Dr. R. Decker of the Uhiversity of Michigan. 
After careful machining the conical surface was polished with 
fine emory cloth.

To obtain completely dependable performance, it was also 
necessary to take a light out of relatively soft stainless steel 
from the female conical seats. A new seat was then fomed by 
one sharp tap on top of the assembled check valve. The seat thus
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formed is an extremely narrow conical surface, but was found 
to give very dependable service in contrast to erratic per­
formance when wide contact seats were made.

With these modifications, the pump performed most suc­
cessfully over the entire range of flow rates used, that is, 
0.30 to 18 cc/min. After steady-state operation was completely 
established, the pumping rate seldom fluctuated by more than 
-1%.

Reactor

The reactor designed by Slelpcevich ( 23 ) and fabricated 
of 19-9 W-Mo stainless steel was used for this investigation. 
The details of this design, which are not particularly rele­
vant to the present study, may be obtained from the reference 
cited above. Briefly, the reactor provides an annular cross­
section, 3/4" x 1/4", (a 1/4" diameter thermowell extends the 
entire length of the reactor), in which catalyst beds of up to 
30" in length may be packed.

The necessity of isolating the resin from the stainless 
steel walls became apparent when it was found that the cation 
resin exchanged its hydrogen for metal ions from the steel 
walls at a relatively rapid rate at the higher temperatures 
used. The first attempt to stop this affect was to insert a 
spiral wrap of 0.0025" thick Teflon tape around both the 3/4" 
diameter reactor inside wall and around the 1/4" diameter thermo­
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well tubing. While this procedure greatly decreased the Ion 
exchange rate, it was not completely effective due to unavoid­
able gaps in the spiral wrapped linings. Eventually all ion 
exchange with the resin was eliminated by obtaining tantalum 
liners for the reactor. The dimensions of the three liners 
are as follows:

30 x 3/4" 0.D. x 0.020” wall thickness (for reactor inside wall) 
34 1/16 x 1/4" I.D. x 0.010” wall thickness (for theroiowell)
2 1/16 x 5/16” I.D. x 0.010” wall thickness (for outlet sec­

tion below resin).

The three tantalum liners are shown on Figure g. The tubing 
fitted so tightly that in each case a small amount of grinding 
was necessary before the liners could be inserted. As antici­
pated, the tantalum was completely inert to the resin environ­
ment . v

In order to obtain high mass velocities for some runs 
without using inconveniently high feed rates, the reactor 
inside diameter was reduced by insertion of pyrex liners. For 
this purpose two pieces of pyrex tubing, 17 mm and 14 mm O.D., 
with 1.2 mm walls, were cemented into one piece by drawing #31 
SauereIsen cement into the small annular clearance between them. 
By-passing of fluid between the pyrex and tantalum liners was 
prevented by cutting the 17 mm diameter pyrex tubing one inch 
shorter than the 14 mm tubing to which it was cemented. By 
inserting the flush end of the pyrex tubing to the bottom of
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the reactor, an annular space 1.2 nen wide x 25 mm deep was 
left at the top. This annular space was then solidly filled 
with Saurelsen #31 cement with 25# of the silicate binder 
replaced for extra strength by pulverized glass wool. The 
position of the pyrex liners Is Illustrated in Figure 6.

Reactor Temperature Control and Measurement

The original method of reactor temperature control by 
means of heating the insulated enclosure around the reactor 
was replaced by a method more appropriate to*the present study. 
The reactor was wrapped directly with coils of Insulated re­
sistance wire having the following specification:

Manufacturer
Type
Size
Insulation
Ohms per foot

Driver-Harris Co.
No. 33 Alloy (97# Ni, 3# Si) 
36 gage
Fiberglass
7.5 at 75°F; 9.1 at 300°F

The reactor was wound in five separate sections with this 
heating wire, with each section controlled by a separate voltage 
regulator. The section of reactor covered by each winding is 
listed below:

Reactor section Heating coil, ohms (cold) 
Reactor inlet tubing 3 coils in parallel, 100 0 each 
Top 11” of reactor 3^5 0



Middle 9" of reactor 235 O
Bottom 9” of reactor 235 ° 
2" section below catalyst 215 O

The large heat capacity of the heavy-walled reactor served 
to even out any local fluctuations of outside surface tem­
perature so that this method of temperature control was quite 
satisfactory.

A chromel-alumel thermocouple with glass fiber insul­
ation was calibrated over the range of temperatures involved 
and was used as a travelling thermocouple in the reactor 
thermowell.



IV MATERIALS

Chemical 8

A 28 gallon cylinder of butene was provided through the 
courtesy of Phillips Petroleum Company. The analysis supplied 
with this cylinder was determined on their infra-red spectro­
meter.

mol %
isobutane 0.0 
isobutylene 0.0
butene-1 0.0 
butadlene-1,3 0.0 
n-butane 2.9 
transv-butene-2 ^8.0 
cis-butene-2 ^9.1 
neopentane 0.1

100.0

For the few runs containing sec-butyl alcohol in the feed, 
the alcohol used was Eastman-Kodale reagent grade #903. The 
small amount of water contained in this material is of no con- 
Aequence since the aqueous feed solution was made up and analyzed 
by density.
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Cation Exchange Resin

The Dow Chemical Company supplied"various grades of 
Dowex-50, their trade-name for monosulfonated polystyrene 
cross-linked with divinylbenzene. Most of this resin was the 
special grade which is sulfonated under conditions giving a 
particularly uniform product, which is also lighter in color 
due to less charring of the organic polymer base. Resin pro­
duced in this way carries the extra designation, Dowex-^OW.

The commercial size ranges of resin produced by The Dow 
Chemical Company were used for most of the present study. 
Within each of the size ranges used (50 - 100, 100 - 200, and 
200 - 400 mesh), however, about 5 - 10# of the resin at either 
end of the size distribution was removed. For the larger sizes 
this narrowing of the distribution of sizes was accomplished 
by wet screening, and for the smaller sizes by elutriation.

After this operation, the resin was acid-washed to remove 
any trace of metal ions. This is particularly important after 
the resin has been in contact with the copper screens. Finally, 
the resin was washed with distilled water until the effluent 
water was nearly neutral, as indicated by a pH meter.

The specifications for each charge of resin used is listed 
in Table 1.
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Table I

Cation Exchange Resina Feed

Resin 
Dealgnation Weight 

gms (anhyd.)
Me ah 
Size % DVB Dowex-SO 

or -SOW

L 59.9 00 - 100 0 50
M 52.5 00 - 100 8 50
N 55.1 100 - 200 12 Sow
0 51.9 100 - 200 0 Sow
P 51.6 100 - 200 0 Sow
Q 57.6 200 - 400 0 5o
R 16.53 100 - 200 8 Sow
S 16.10 5o - loo 0 Sow
T 4-93 100 - 200 0 Sow



V EXPERIMENTAL PROCEDURE

Analytical Methods

Overall analysis scheme
The overall measurement scheme must be taken into account 

In choosing the analytical methods to be used. The feed rate 
and composition are known to a high degree of precision. Upon 
reduction of pressure, the reactor product, which in most cases 
consists of two liquid phases, separates into an aqueous alcohol 
liquid and a butene-rich gas. The gas and liquid products are 
separated at atmospheric temperature and pressure in a manner 
which assures their being in equilibrium. The gas stream 
contains an amount of sec-butyl alcohol and water proportional 
to their vapor pressure over the liquid product. Similarly 
butene is dissolved in the liquid product to the extent of 
its solubility at one atmosphere. The total reactor product 
is calculated from a combination of the rates and compositions 
of the two product streams.

Two alternate calculation methods were used to determine 
the total reactor product. One solution was graphical and 
represented the solution of the two equations:

(1) the equation of all possible reactor product compositions 
consistent with the feed used and the reaction stoichio­

metry, and,

34
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(2) the equation of all reactor product compositions which 
could give the gas and liquid product compositions 
obtained.

When large scale graph paper is used, the intersection of the 
lines corresponding to the above two equations gives a pre­
cise stoichiometric reactor product composition, which directly 
determines reaction rates and conversions. The other method 
was a numerical calculation of the total alcohol produced. 
Precision of results and convenience determined the choice 
between these two methods for any run.

Butene in the liquid product
For most of the experiments, the composition of the 

liquid product Is the most important product measurement 
required. Since measurement of the density of the aqueous 
alcohol liquid product permits rapid determination of com­
position with a high degree of precision, this method of 
analysis was selected. However, because butene at one atmos­
phere is soluble in the aqueous butyl alcohol solutions, it 
was necessary to consider this effect. Since no data were 
available for this system, measurements were made of the 
solubility of butene at 25°C, I atm, in sec-butyl alcohol 
solutions of various concentrations. These values, adjusted 
to the average local barometric pressure, 744 mm, are listed 
in Table II,
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Table II

Binary composition 
wt. % sec-butyl 

alcohol
100% 81.7% 11.56%

Butene saturated A 90.0 75.44 11.55
ternary compo- W —— 16.80 88.36
sition, wt. % B 10.0 7.76 0.09

It was also observed that binary compositions just slightly 
above the 11.56% butyl alcohol solution gave two liquid phases 
when saturated with butene. Thus the 11.56% solution, when 
saturated with butene, may be taken as a close approximation 
to the composition of one of the equilibrium phases of the 
three phase invariant at 25°C and 744 mm. These phase re­
lations are illustrated on Figure 8, p 42. For alcohol concen­
trations less than 11.5%, therefore, single phase liquid 
products were obtained. The butyl alcohol content of these 
samples was calculated from a density determination on the 
butene saturated liquid product, with an allowance for the 
effect on density of the small amount of butene dissolved in 
such dilute solutions. For alcohol concentrations between the 
11.5% limit above, and 18.6%, which is the lower solubility 
limit in the alcohol-water binary system, a two-phase butene 
matured liquid product was obtained. This two-phase liquid 
was subjected to a rapid differential vacuum distillation, by 
which it was converted to a butene-free single phase suitable
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for analysis by density.

Differential vacuum distillation
While these procedures were quite satisfactory for this 

range of liquid product compositions, a more difficult pro­
blem was presented by the concentrated alcohol products 
obtained from some runs. For liquid products in the range 
75 - 80 wt. % butyl alcohol, the amount of butene to be re­
moved is such that the removal process can cause considerable 
change in the alcohol/water ratio. This change can be mini­
mized and standardized by performing a Rayleigh distillation, 
that is, a differential distillation in which the vapor 
removed is always in equilibrium with the solution remaining. 
For the present work It seemed advantageous to conduct the 
distillation at 25°C; the pressure, therefore, decreases from 
atmospheric at the beginning to a final pressure a few milli­
meters above the vapor pressure of the butene-free liquid.

In order to calculate the change in butyl alcohol/water 
ratio which results from the differential vacuum distillation, 
certain required physical data which were not available in the 
literature were determined. A few points on the alcohol-water 
vapor-liquid equilibrium curve at 25°C were measured. These 
data are plotted in the appendix, Figure 19 . The equili­
brium values were obtained by careful material balance mea­
surements on an alcohol-water solution distilled at 25*C. 
The vapor pressure of the sec-butyl alcohol-water binary at 25°C
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as a function of composition was also measured, and may be 
found in the appendix, Figure 18 . With these data avail­
able, it was then possible to establish distillation conditions 
and calculate the butene/water ratio correction. These calcu­
lations are summarized in Appendix A . This correction 
factor was calculated as a function of concentration and final 
pressure, and is plotted in the appendix, Figure 20 . Briefly,
the results of these calculations Indicate that the weight ratio, 
alcohol/(alcohol ♦ water), is increased by about 0.35 weight 
percentage units when the butene is removed from solutions in 
the range 75 - 80 wt. % sec-butyl alcohol. This correction 
applies for a final pressure / mm. mercury above the vapor 
pressure of the alcohol-water binary.

In order that these theoretical corrections may be applied, 
the distillation apparatus must be designed so that the vapor 
removed is sufficiently close to being in equilibrium with the 
liquid remaining. While this condition could be satisfied by 
conducting the distillation very slowly, practical consider­
ations require a reasonably rapid operation. In this case the 
rate of pressure reduction was set at 30 - 50 mm./min., so that 
a distillation could be completed in about 20 minutes. The 
rate of pressure reduction was controlled by connecting the 
vacuum pump to the distillation apparatus through a set of 
capillary tubes operated in parallel. The various sizes of 
capillary tubes were connected into the flow-path according 
to a standardized time sequence in order to maintain the pres­
sure reduction rate within the 30 - 50 mt/sfin. range. With
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the vapor removal rate fixed, the remaining variable is the 
degree of agitation during the distillation. Here, the 
problem of obtaining sufficient agitation inside a vacuum 
distillation flask presents considerable difficulty. Several 
methods were tried before one was found which gave distillation 
corrections which were neither erratic nor larger than the 
theoretically calculated ones. The method finally adopted 
involved clamping the vacuum distillation flask to an incom­
pletely restrained framework onto which an electric motor 
carrying a small eccentric load was also clamped. This pro­
cedure kept the liquid in a state of violent agitation and, 
as a result, the experimentally measured distillation corrections 
for known solutions agreed exactly with the theoretical cor­
rections. The apparatus was completed by a water bath to con­
trol the distillation temperature at 25*C. Also, flasks were 
connected in parallel to allow four distillation samples to 
be run simultaneously, thus reducing the total distillation 
time required. A picture of the distillation apparatus is 
shown in Figure ?•

Density determination
Although the pyenomrtar met ho d is most commonly used for 

density determinations, the buoyancy method was chosen for this 
study because it allows more rapid determinations. By using an 
accurately calibrated a inker, and making the weighings on a 
good analytical balance with careful temperature control, it 
is possible to make rapid density determinations which are
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aosurat» to about * 0.00002 g/ml. Thia deneity range cor­
respond# to a oonoentration range of about - 0.013 weight % 
sec-butyl alcohol. At times, however, it was found that the 
proc talon waa not achieved. It waa only fairly late in the 
research that it waa discovered that this occasional aberrant 
behavior of the a inker did not occur if it was washed with a 
mild detergent solution rather than with reagent grade solvents 
as had previously been the practice. The calibration of the 
sinker in water gave the volume as 5.01183 - 0.00012 ml.

The data of Clough and Johns (6 ) was used to relate 
densities to concentrations for sec-butyl alcohol-water 
mixtures. Rapid calculations were facilitated by preparation 
of working graphs of alcohol concentration against grams 
weight on the balance, with corrections for temperature, dis­
tillation, and butene solubility all expressed in terms of 
grams weight.

Gas product analysis
Since the amount of sec-butyl alcohol and water which 

leave in the gas product are proportional to their corres­
ponding vapor pressures over the liquid product, the accuracy 
of the gas product analysis is generally of much less Im­
portance than that of the liquid product. The gas analysis 
was therefore, calculated from the alcohol-water binary vapor 
pressure and vapor-liquid equilibrium data at 25*0. These 
calculations are summarised in Appendix B.
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Phage diagram for product gas and liquida
The various phase equilibrium data at 25 °C and I atm. which 

have been discussed in this section may be conveniently repre­
sented on a butene-water-sec.-butyl alcohol equilibrium phase 
diagram. The only significant point which has not been either 
measured or estimated is the alcohol-rich liquid phase at the 
three-phase invariant. From other measurements it is believed 
that this point lies at about 37 mol % alcohol/(alcohol + water). 
This phase diagram is included in the appendix, Figure 8.

Reactor Operation

Before the reactor was placed in the operating position, 
it was charged with water saturated ion exchange resin. The 
reactor closures were made first at the bottom and then at the 
top so that no air was trapped in the system. All reactor 
feed lines were also flushed just prior to being connected in 
order to eliminate any trapped air. The pneumatic reactor 
pressure control valve was loaded with nitrogen or helium at 
the desired reactor pressure.

After flow was established through the reactor, some time 
usually elapsed before the desired feed rates and temperature 
were obtained. The gage readings of the butene and aqueous feed 
cylinders were taken at appropriate intervals to accurately 
detemine feed rates. Similarly, reactor product gas and liquid 
rates were determined and the reactor temperatures recorded. 
An operating period at steady-state conditions was required
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before the reactor product reached the corresponding equili­
brium value* Since the method of analysis used was rapid, 
both the steady-state and the unsteady-state samples were 
usually analysed, thus giving greater confidence in the final 
values* From this procedure it was observed that the reactor 
product rapidly approached the steady-state composition after 
the operating conditions became constant. Normally a given 
set of conditions was maintained until two or three samples 
of the steady-state liquid product were collected. The vari­
ation in results from these duplicate runs therefore reflects 
both analytical errors and variation in reactor operation. 
Since the minimum sample else required for the density deter­
mination was about 30 ml, the time at steady-state required 
for each sample varied from a few minutes to about an hour.

Following the completion of a series of runs, the resin 
was ruaoved by fluidising it into the large end of a pipette 
which was fitted with a glass tubing extension of sufficient 
length to reach the bottom of the reactor. This operation 
was carried out so as not to lose any of the resin, which was 
then dried and weighed. In order to get anhydrous weights of 
resin, the small amount of water remaining in the reain at 
equilibrium in the drying oven was estimated using water­
sorption data of Gregor (12) and Pepper (20). The relative 
humidity in the oven at 110eC waa determined by assuming the 
absolute humidity to be the same as that of the surroundings. 
All resin samples were dried together at the end of the ex­
perimental program so that any errors would affect samples equally*



VI RESULTS

The experimental results relating to the measurement 
of hydration rates for normal butene in the continuous 
catalytic process are presented first. The experimental 
data are summarised in Tables III and IV.

The range of variables studied was as follows:

Temperature 115 - 145 *C
Resin sise 50 - 400 mesh
Resin crosslinkage 8% and 12% divinylbenzene
Superficial liquid velocity 4° - 1100 cm/hr. 
Resin weight, anhydrous 4*9 - 60 gms.
Butene conversion 
(hydration 12.2% max.

Alcohol conversion 
(dehydration) 30.7% max.

Feed composition
Mol % butene
Mol % alcohol

20% - 82%
0% - 25%

Liquid Phase Mass Transfer Effect

Since it was necessary to obtain rates which would be 
independent of any liquid phase mass transfer effect, six 
runs were made to determine the required operating conditions. 
The usual procedure for this purpose is to characterize flow
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condition» by the Reynolds modulus, then measure the reaction 
rate constant for a series of runs at increasing values of 
the Reynolds modulus. Flow conditions corresponding to 
negligible liquid phase mass transfer resistance can then 
be selected by operating at values of the Reynolds modulus 
above the range in which the rate constant is dependent on 
this modulus. This principle was used, but in a slightly 
different form for this study. The characterization by a 
Reynolds modulus of two-phase fluid flow over packed beds 
involves theoretical problems which have not yet been com­
pletely solved. For the present purpose, however, it is 
satisfactory to use a modified Reynolds modulus defined as

where Dp * average resin diameter as charged 
Fy * total liquid feed rate, at reactor 

temperature, cc./hr., and
A = reactor cross-sectional area, cm. 2.
(The ratio Fy/A is sometimes referred to as the 
superficial velocity, cm./hr.)

Also, since it is not possible in the present study to 
calculate a reaction rate constant, k, a different criterion 
variable was selected. This selection was based on the 
principle that for a flow reactor operated with a two-liquid 
phase feed, the reaction rate will not be affected by a change 
in the ratio of the two liquid phases, provided there is
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negligible liquid phase mass transfer resistance, and that 
all other conditions are held constant. Conversely, one 
would expect variation in reaction rate with variation in 
the proportions of the two liquid phases, unless there is 
negligible liquid phase mass transfer resistance.

. The experimental approach developed from the above 
considerations involved making a series of three pairs of 
runs, with a large difference in the butene/water phase 
ratio as the only variable within each pair. A significantly 
different Reynolds modulus was selected for each of the 
three pairs of runs. For each pair, the ratio of the reaction 
rate for the high butene/water feed to the rate for the low 
butene/water feed was taken as the criterion of the relative 
importance of liquid phase mass transfer resistance. The 
pertinent values from this series of runs are given below 
in Table V.

Table v

Run DP 
cm.

Fy A
cc/hr 0*

r 
g mois (B/W)v w Re*
(hr)(gm HR)

77 0.0056 346 2.175 0.492 1.67
78 0.0056 377 2.175 1.085 7.69

360 ave. 2.2 0.93

80 0.0056 1465 2.175 0.174 1.62
79 o.oo56 1590 2.175 0.283 7.28

1530 ave. 1.6 3.9
90 0.011 788 0.691 2.82 1.74
97 0.011 736 0.691

760 ave.
2.78** 6.62

1.0 12.1



Pg refers to the run 
r^ refera to the run

at high butene/water ratio 
at low butene/water ratio

Adjusted for alight deviation in apace velocity.

It will be noted from this table that liquid phase mass 
transfer resistance can be neglected at values of Re’ = 12.

Initial Reaction Rates

For the hydration of normal butylene, represented as

n H8 + HgO = Hg OH,

a generalized differential reaction rate equation in terms 
of thermodynamic activities may be written as follows:

k g mois A (hrl(gm HR)

The bracketed term is the kinetic driving force. For a 
flow reactor at steady state, the reaction rate may be 
related to a material balance over a differential length of 
the reactor according to the equation

r dW = -F dn. g mois A/hr. m A
_ _____ ^A g mois A
or r arsng" winin

These differential equations may, with appropriate subst1- 
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tutions, be integrated; or, conversely, integral reaction 
rates nay be measured directly and represented as

r_ = - ___g mol 8 A
1 à (V/Fm) (hr)(gm Hr)

The performance of a flow reactor operated at constant 
temperature with a constant composition feed containing no 
alcohol will be considered. As the reciprocal space velocity, 
W/F^, is decreased, the alcohol content of the reactor effluent 
decreases, approaching zero, and the butene and water compo­
sition of the product increase, approaching the feed compo­
sition. For a particular feed composition and temperature, 
the kinetic driving force, therefore, approaches a maximum 
as the reciprocal space velocity approaches zero. The cor­
responding maximum reaction rate is defined as the initial 
reaction rate. In the special case of a binary feed consisting 
of two almost completely immiscible liquids, the proportions 
of the two phases cannot affect the initial reaction rate, 
which therefore becomes a function of temperature only. It 
follows that the initial reaction rate may be obtained for a 
given temperature by plotting the integral reaction rates 
against reciprocal space velocity, and extrapolating the rate 
curve to zero. In order that the initial reaction rates 
determined in this way do not include any error due to mass trans­
fer resistance the space velocities used must include values 
for which the liquid phase mass transfer resistance may be 
neglected. Satisfactory space velocities have been determined
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in the previous section.

In this study runs were made at a number of space velo­
cities for seven temperature levels from 115e to 1U5*C. The 
integral reaction rates calculated for each of these runs 
are listed in Tables III and IV, and are plotted against 
reciprocal space velocity with temperature as a perimeter 
in Figure 9. Bech isotherm is extrapolated back to w/P^ » 0 
to obtain the initial reaction rate for that temperature. 
The crossing of isotherms at the lowest space velocities used 
is not due to experimental error but is caused by the close 
approach to equilibrium under these experimental conditions. 
This effect will be discussed further when the equilibrium 
measurements are presented. Before the reaction rate data can 
be interpreted further, the effect of resin size must be 
evaluated.

Effect of Resin Size

The efficiency function method developed by Saletan and 
White (21) to allow for the effect on reaction rate of the 
rosin phase diffaslonal resistance is used in this study to 
evaluate the effect of variation in resin size. As described 
earlier, the efficiency function, 0, plotted on Figure 9 
represents the ratio of the volumetric average reaction rate 
to the reaction rate at the surface of the resin bead. It 
may be represented as an analytic function of the resin radius 
R, and the penetration function T. The penetration function, 
T, is theoretically dependent on both temperature and com-



10

9

8

7

6

5

4

3

2

I

0

• 115° C 

△ I2O°C

□ I25°C 

• I3O°C 

A I35°C

IN
TE

G
R

A
L R

EA
C

TI
O

N
 RAT

E 
M

O
LS

/H
R

/G
M

 HR
 x 

IO
3

■ I4O°C 

♦ 145° C

±------J------- 1------- 1-------- 1------- 1--------- 1____ I_____ I i i ■ I
2 4 6 8 IO 12 14 16 18 20 22 24 26
RECIPROCAL SPACE VELOCITY W/Fm GMS HR/MOL F/HR

Figure 9. Effect of Temperature and Space Velocity 
on Integral Reaction rate.



53

position. In practice, however, both Saletan (21) and Barker 
( 3 ) found only a slight dependence of f on temperature, and 
Klein (15) found no measurable temperature dependence of / 
for the reaction system analysed by him. Also, in the con­
sideration of initial reaction rate data for the butene hydra­
tion system, it has already been noted that the liquid phase 
composition is not a variable. For this study, therefore, 
the offlblobby function, f, may be assumed to be a constant, 
even though the exact value of the function cannot be de­
termined. Thus for initial reaction rate data, f may be 
taken as a function of only resin radius, R.

In order to determine the actual value of 0 which applies 
to all the initial reaction rate data already presented, two 
series of runs, involving seven runs in all,were made. The 
runs were performed under nominally identical conditions, except 
that for one series the resin radius was double that used in 
all the runs for the determination of initial reaction rates.
The pertinent results from this series of runs are given below 
in Table VI. Since the space velocity was slightly different 
for the two series of runs, the results of run 90 have been 
adjusted to the same space velocity as run 96. The adjusted 
results are designated as run 90*.

Table VI

mm iw mrmU» 
g Boi rai

90 130 0.011 0.884
90* 130 0.011 0.8*8
96 130 0.022 0.848

2.82 x IO**3
2.83 x IO*3
2.60 x 10*3



It can be seen from these values that doubling the bead radius 
from that used in the determination of initial reaction rates 
has caused a decrease in reaction rate of only 8.1$. By 
matching this ratio of efficiency functions (i.e. ^2^1 e °» 919 
for Rg/R^ ■ 2) to the plot of $ versus R, Figure 3, p. 17, it can 
be determined that the value pertaining to the initial 
reaction rate measurements, must be 0.973. The initial re­
action rates, given by the intercept at w/F « 0 on Figure 9 
correspond therefore to a resin of 97.3$ volumetric efficiency. 
From the definition of it follows that, for the cation ex­
change resin catalyst used, one may obtain an initial chemical 
reaction rate which is independent of any resin phase dif­
fus ional resistance by dividing the zero intercept values from 
Figure 9 by 0 » 0.973. These intercepts and the corresponding 
pure chemical reaction rates are given in Table VII.

Table VII

Initial Reaction Rate Initial ChemicalTemperature using 100-200 mesh resin Reaction Rate
°C g mois A 103 g mois A 103(W(gm RR) * (hr)(gm HR)

115 0.87 0.89
120 1.45 1.49
125 2.10 2.16
130 3.05 3.13
135 4.13 4.24
140 6.75 6.93
145 10.0 10.3
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An expression can be written for the initial hydration 
rate data following the form commonly used for liquid phase 
reactions, that is,

'1 " k Y °)»

where the temperature dependence of the reaction rate con­
stant, k, is given by the Arrhenius equation,

k = A exp (-E/RT).

Since for the butene hydration reaction the two components 
of the feed are almost completely immiscible, the initial 
reaction rate is not dependent on feed composition. The 
initial reaction rate expression, then, reduces to

, r^ = constant x exp (-E/RT).

It follows that a plot of the logarithm of initial reaction 
rate, r^, against reciprocal absolute temperature, 1/T, will 
give a straight line, the slope of which equals the activation 
energy, E.

The initial chemical reaction rates from Table VII have 
been plotted in this manner on Figure 10. Since the initial 
rate data can be satisfactorily represented by a straight line 
on this plot, the energy of activation, (E = 24,800 cal/mol), 
was calculated from its slope. It also follows from this figure 
that the constant in the initial reaction rate expression, which
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represents a combination of constants of no theoretical 
significance, has a value of 9*0 x 1010. The initial 

chemical reaction rate for the liquid phase hydration of 
butene-2 may be represented as:

. 9.0 x 1010 exp (-24,800/RT)

Since this rate equation is for a catalyzed reaction, the 
constants apply only for the particular catalyst used. For 
this purpose it is sufficient to describe the catalyst as a 
cation exchange resin of the sulfonated polystyrene type, 
crosslinked with 8% dlvlnylbenzene.

Effect of Crosslinkage of Resin

The effective diffusivity of larger molecules in ion ex­
change resins has sometimes been found to decrease greatly with 
an increase in the percent crosslinkage of the polystyrene 
structure. This effect results from an increase in rigidity 
and a decrease in effective pore size as the dlvlnylbenzene 
content is increased. In some cases it is possible to achieve 
very specific selectivity due to this effect. Although the 
study of the crosslinkage variable was not a major part of 
this research, results are available from one run (#49) In 
which 12% crosslinked resin was used rather than the 8% resin 
used throughout the rest of the investigation. A comparison 
of the reaction rate for this run with the rate for the same
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temper attire and «pace velocity (Figure 9), shove that the 
12)6 crosslinked resin is only about 1/6 as efficient as 
the 8)6 resin. This large difference in effectiveness of 
the resins is not surprising considering the results ob­
tained by some other investigators. It did however, indicate 
the desirability of using the customary 8)6 cross-linked resin 
for all subsequent runs.

Integral Reaction Rates with a Ternary Feed

Early in the experimental program four runs (25 - 28) were 
made using a ternary feed of the following composition:

A: 25 mol )6 
V: 15 mol )6 
Bt 60 mol )6

Figure 2 shows that at the temperature of the reaction this 
feed probably formed a single liquid phase in contrast to most 
of the later feeds which were within the two liquid phase en­
velope. At an intermediate space velocity, runs were made at 
four temperatures, 110*, 120*, 1)0® and 140*0. The conversion 
rates for these runs, illustrated by the arrows on Figure 11 
indicate that some hydration occurred at 110*0, loss hydration 
at 120*0, while by 130*0 the reaction was proceeding in the 
opposite direction. The extent of dehydration was greatest at 
140*0, but was apparently limited by a closer approach to 
equilibrium. These runs confirmed the effectiveness of the
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cation exchange resin as a catalyst for the reverse de­
hydration reaction. The results also indicate that, for the 
temperature range required for sufficient catalyst activity, 
the equilibrium alcohol concentrations would be fairly low. 
Since this study does not include the correlation of reaction 
rates for ternary liquid compositions, no further rate ex­
periments were made with a three component feed.

Chemical Equilibrium

Because the measurement of chemical equilibrium implies 
the simultaneous occurrence of phase equilibrium, the dis­
cussion of these experiments is best considered with reference 
to a phase equilibrium diagram such as Figure 2, p 7. For a 
liquid phase reaction, the condition of chemical equilibrium 
may be represented by a thermodynamic equilibrium constant,

Ka " Ka aBJ »

which is dependent only on temperature. The same equilibrium 
data may be expressed as àn equilibrium constant in terms of 
concentrations or mol fractions, as

which is not only a function of temperature, but is a function 
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of two composition variables as well.

The K_ l sot hems, representing compositions in chemical 
equilibrium, follow either of two forms when plotted on a 
ternary diagram. At sufficiently high values of Kx, the iso­
therm lies entirely in the single liquid phase region and is 
similar in shape to the liquid-liquid solubility curve (see 
Figure 2, p. 7). At lower values of Kx, which for the hydra­
tion reaction correspond to higher temperatures than in the 
first case, the chemical equilibrium isotherms intersect the 
phase equilibrium solubility curve (Figure 2)• For the latter 
case, therefore, a chemical equilibrium composition isotherm 
follows a line from the pure butene corner until it intersects 
the solubility curve. The chemical equilibrium isotherm then 
becomes coincident with a phase equilibrium tie-line for the 
same temperature. From the intersection of this tie-line with 
the aqueous liquid phase, the isotherm changes direction sharply 
towards the pure water corner of the diagram. For the entire 
temperature range of interest in this investigation, the 
chemical equilibrium isotherms intersect the liquid-liquid 
solubility curve.

The selection of conditions which give a satisfactory 
approach to chemical equilibrium may be described most con­
veniently by reference to Figure 12. The series of arrows 
beginning at 0£ alcohol represent the level of conversions 
obtained for a number of runs at low space velocity and with 
no alcohol in the feed (runs 64 - 69). It will be noted that
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tho extent of conversion, indicated by the length of the 
arrows, at first increases sharply with temperature, then 
levels off, and finally decreases with the last increase in 
temperature. This behavior indicates'that at the higher tem­
peratures the reactor product is closely approaching the limit 
of chemical equilibrium. From this series of runs an estimate 
of the equilibrium conversion curve was made, and an aqueous 
alcohol feed was prepared which would correspond to slightly 
less than the equilibrium conversion for the lower temper­
atures, and to slightly greater than the equilibrium conversion 
for the higher temperatures. The alcohol concentration in the 
liquid product corresponding to this feed/$shown in Figure 12 
as a horizontal base line, since it represents the condition 
of neither hydration nor dehydration occurring in the reactor. 
The series of arrows proceeding in either direction from this 
line represent the extent of reaction at various temperature 
levels, obtained when operating at the same low space velocity 
as for the first series of runs without alcohol in the feed. 
It may be noted that the choice of alcohol concentration in 
the feed was ideal, since at 115°, 120°, and 125°C, a very 
small amount of hydration occurred, while for higher temper­
atures the alcohol dehydrated to a slight extent. The con­
ditions of these runs can therefore be considered as giving 
a satisfactory approach to equilibrium, so that equilibrium 
conversions can be calculated directly from the results.

The ternary feed used for the above series of runs is 
stoichiometric ally equivalent to a butene-water binary feed



containing 76 mol % water. The results of both series of 
equilibrium runs are given in Table TUI, and are plotted 
on Figure 13 . The smoothed data from Figure 13 heme been 
cross-plotted on Figure 14 to show the effect of stoichio­
metric feed composition on equilibrium conversion, with 
temperature as a parameter. The particular value of repre­
senting the equilibrium conversions as shown on Figure 14 
is that, within the two liquid phase region, interpolation 
between the high and low butene/water ratio data on this plot 
is by straight lines. The straight line interpolation follows 
readily from the fact that each pair of equilibrium conversion 
points must by definition fall on a phase equilibrium tie­
line, which, in the units of this figure, is also a straight 
line. The use of mol ratios rather than mol fractions for 
the ordinate is equivalent to opening up the conventional 
closed triangle representation so that the apex of the latter 
(representing 100% alcohol) now lies at an infinite distance 
up from the butene-water base.

The equilibrium percent conversion of butene may now be 
conveniently calculated, and is shown on Figure 15 » again
as a function of stoichiometric feed composition and temperature. 
For purpose of comparison the equilibrium percent butene con­
version for the high temperature,high pressure, vapor phase pro­
cess has been reproduced on the same figure from Dale (7). 
The vapor phase data shown are for 3^5°C and various pressures 
from 1000 to 9000 psi. It is significant that the equilibrium 
conversions for the low temperature liquid phase process are
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about two to four times the corresponding values for the 
high temperature, high pressure, vapor phase process.

As has already been indicated, the two sets of chemical 
equilibrium runs also give the slopes of a series of phase 
equilibrium tie-lines. The data of Figure 14 have been 
recalculated, therefore, in terms of mol percent, and are 
plotted on the phase diagram, Figure 16. The steep slope 
of these tie-lines substantiates the prediction made in the 
theoretical section that, except at very low alcohol con­
centrations, the alcohol content of the butene-rich phase 
would be much greater than that for the corresponding equi­
librium water-rich phase.

It should be recalled that conventional chemical equi­
librium constants cannot be calculated from this equilibrium 
data since the total compositions lie entirely within the 
two-phase envelope and neither of the actual phase compositions 
is known. While the calculation of equilibrium constants 
would have been desirable from a theoretical viewpoint, this 
lack is compensated by the practical utility of the equi­
librium conversion plots.

Catalyst Lifo

Early runs were made with a thin Teflon film inserted in 
the reactor to prevent actual contact between the resin and 
the stainless steel reactor walls and thermowell. Since this
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was not a bonded film, however, the steel surface was not 
completely isolated. Also, there were probably always some 
breaks in the Teflon barrier, allowing sore direct contact 
between the resin and the steel walls. It was found that the 
resin darkened and lost acidity due to ion exchange after 
being used for some time in this environment. Also, rough 
estimates of the amount of metal sulfates and free sulfuric 
acid in the liquid product indicated a very high rate of resin
desulfonation. Results from two of these runs are listed below:

Temperature 
°C Desulfonation rate 

% per day Time to $0% desulfonation 
days

130° 2.0 25
140* 11.5 4.4

Subsequently the reactor walls and the thermowell were 
sealed off by tightly fitting tantalum liners, as described 
earlier. Since the sulfuric acid, liberated by resin hydro­
lysis, was no longer converted partially to the metal sulfates, 
the desulfonation rate could be measured simply by the rate of 
sulfuric acid production. The sulfuric acid concentration of 
the liquid product was measured by a Beckman pH meter, cali­
brated with standard buffer solutions. The data pertaining 
to resin desulfonation rates are presented in Table IX. 

The resin life, expressed as the time required for $0# hydro­
lysis of the resin, and calculated using the initial resin 
hydrolysis rate, is plotted on Figure 17. . The lines on
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Table DC

Run Temp
•c

Resin charge 
equivs.

Liquid product Time to 50% 
hydrolysis, yrscom. pH

59a 125 0.264 2.03 5.3 24
60b 130 2.03 5.4 30
61,a,b 135 2.11 5.1 ' 17

62,a 140 2.12 4.9 9
63 145 0.264 1.90 4.3 27
6U,a 115 0.263 0.53 4.4 11
65 120 0.57 4-5 15
66 125 0.63 4.4 20
67,a 130 0.61 4.3 10
68, a 135 0.59 4.05 4.7
69,a 140 0.263 0.62 3.8 2.8
87 115 0.0843 4.42 6.4 46
88 120 4.59 6.35 41
89 125 4.5 6.2 30
90 130 0.0843 4.37 6.15 27
98 135 0.025 4.12 6.25 10
99 140 4.43 6.3 11

100 145 0.025 4.53 6.45 15
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this plot serve only to connect points of the same series of 
runs. From the hydrolysis rates obtained, it is apparent that 
resin stability is not an important factor in its use as a 
catalyst for this reaction over the range of temperatures 
investigated.

In addition to loss of catalytic activity by desulfon­
ation, some authors have noted a fouling of the ion exchange 
resin by reaction products or by-products. For example, Klein 
and Banchero ( 15 ), using the same resin as in the present study, 
noted that the resin turned completely black within a very short 
time when it was used as a catalyst for acetone condensation. 
They concluded that the black color resulted from the deposit 
of a tarry product of the reaction. In the present study the 
resin at first turned dark during use, as already noted, but 
this was due only to ion exchange with the steel walls of the 
reactor at high temperatures. Once the resin had been pro­
tected from ion exchange with the walls, it became impossible 
to visually distinguish used resin from the fresh material.

Hydration of Propylene to Isopropyl Alcohol

In order to establish the effectiveness of the cation 
exchange resin as a catalyst for monoolefins other than normal 
butene, a few exploratory runs were made using propylene. The 
operating conditions are summarised in Table X. A gas and 
liquid product were collected in equilibrium at 25eC and I atm.
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at before. The isopropanol content of the liquid was analyzed 
by density, with a small correction required for the effect 
of dissolved propylene. No allowance was made for the small 
amount of isopropyl ether believed to have been present. The 
small alcohol and water content of the equilibrium flash gas 
was estimated from vapor pressure data and vapor-liquid for 
the Isopropanol-water system. Since it was not planned to 
subject the results of the few propylene hydration runs to any 
kinetic analysis, the runs were carried out rapidly with the 
operating conditions less carefully controlled than for the 
butene runs. The results are summarized in Table X.

At reactor inlet conditions, the propylene-water feed will 
form two phases as in the case of butene-water feeds. Since in 
this case, however, the temperatures used are all above the 
critical temperature of propylene (Tc = 91.4®C, Pc = 668 psia), 
the propylene-rich phase may not properly be called a liquid 
phase, but rather a dense fluid phase. Although the highest 
conversion of propylene obtained is not sufficient to yield a 
single liquid (or fluid) phase at any point in the resin bed, 
the mutual solubilities of the two fluid phases, (i.e. the water 
concentration in the olefin-rich phase and the olefin concen­
tration of the water-rich phase) are much greater than for the 
butyl alcohol system.

A comparison of the reaction rates and conversions obtained * 
in the propylene hydration runs with those already discussed for 
butene hydration, shows that both the resin catalyzed reaction rates 
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and the chemical equilibrium are much more favorable for the 
propylene system. The high catalytic efficiency of the cation 
exchange resin for another olefin hydration is particularly 
Interesting.

Estimates of resin life based on desulfonation rates 
during the propylene hydration runs indicated a surprisingly 
rapid desulfonation of the resin. Since steady state con­
ditions were only roughly approximated for these runs, the 
estimates of desulfonation rates are quite erratic. However, 
the average rate for the four runs at l^°O indicated $0% 
hydrolysis in 60 days, while the single run at 135°C indicated 
50% hydrolysis in 110 days. While the resin hydrolysis rates 
appear moderately high, it should be noted that on the basis 
of Isopropyl alcohol production, these rates correspond to 
only 0.0006 pounds resin desulfonated per pound isopropyl 
alcohol produced at 135*0, and 0.0007 pounds resin per pound 
alcohol at 145*0. On the basis of alcohol produced, therefore, 
the catalyst consumption is still very low.

Butene Hydration by Two Step Process (Esterification-Hydrolysis)

The two-step process of producing secondary butyl alcohol 
is favored industrially over those continuous catalytic pro­
cesses which have been investigated prior to this time. In 
the two-step process, the butylene is first esterified with 
the sulfuric acid to form the mono-butyl sulfate, which is 
hydrolyzed in the second step to the secondary alcohol. The
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reactions may be represented as:

Esterification: Hg + ^30^ s ' H 30^

Hydrolysis: ' H SO^ + H^O = OH + HgSO^

Many other reactions are likewise carried out using an inorganic 
acid, not as an orthodox catalyst, but to produce a chemical 
intermediate which is treated further to obtain the desired 
product. Although a cation exchange resin may in many re­
spects be considered as a solid strong acid, no comparable 
use of the resin has yet been noted in the literature. Thus 
it was considered of considerable theoretical as well as prac­
tical use to determine whether the cation exchange resin could 
function in a manner analogous to sulfuric acid in the two 
step hydration process.

The runs were carried out in a stainless steel reactor 
before it was recognized that the steel surfaces had to be 
completely isolated from the resin bed. As a result, most 
of the hydrogen ions in the fresh resin had been exchanged for 
metal ions from the steel surfaces by the time the runs were 
completed and the resin removed. For this reason the results 
are not presented as more than semi-quant it at ive.

The sequence of operations for these runs may be summarized 
as follows:
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(1) Water and alcohol from the hydrolysis step is flushed 
from the void volume of the resin bed with butene.

(2) When the flushing is complete, the void volume of the 
bed is left filled with liquid butene at the temper­
ature and pressure desired for the esterification step.

(3) At the end of the esterification time an amount of 
butene equivalent to the void volume of the bed is 
withdrawn and is replaced with the desired smount of 
water for hydrolysis of butyl sulfonate resin ester.

(4) For complete hydrolysis of the resin, the aqueous alcohol 
solution may be displaced with additional aliquots of 
hydrolysis water. The cycle of operations is completed 
by displacement of the final aqueous solution of the 
hydrolysis step in the manner described in (1).

The range of variables studied includes:

Esterification time 0.5 - 13 hours
temperature 55° - 135°C 
pressure 500 - 10,000 psi.

Hydrolysis time 0.25 - 20 hours
temperature 55° - 135°C
pressure 100 - 9500 psi.

In addition to the gradual lose of catalyst activity due 
to exchange of hydrogen ions for metal ions, another major 
source of uncertainty results from the carry-over of alcohol 
from one run to the next, particularly for the earlier runs
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when insufficient hydrolysis water was used.

The calculation of percent conversion of n-butene is 
based on the amount of butene contained in the void volume 
of the bed. The corresponding percent esterification of the 
resin is based on the equivalents of acidity originally pre­
sent, although the true percent esterification for the later 
runs must be greater than the calculated values due to loss 
of resin acidity. The results of all the esterification­
hydrolysis runs are summarized in Table XI.

No quantitative relations can be derived from this data 
due to the sources of error already described. In general, 
the increase of both extent of esterification and of hydro­
lysis with time and with temperature can be seen. As might 
be expected, the esterliication of water saturated resin appears 
to be much slower than the subsequent hydrolysis. The Import­
ance of pressure on esterification rate is less clear. The 
most significant result is, of course, that the process works 
at all with cation exchange resin substituted for sulfuric 
acid. The butyl alcohol production rates by this method are, 
however, lower by a factor of about three as compared to the 
continuous catalytic hydration process. The postulated re­
actions may be represented as :

Esterification: «8 + f S03" H+ = 0 SOy Hg

Hydrolysis: 0 SOy Hg + HgO = Hg OH ♦ $ SO." H*
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While these reactions represent the stoichiometry of the 
overall reaction, the present exploratory investigation is 
not sufficient to define the reaction mechanism involved,



VII CONCLUSIONS

1. A sulfonated polystyrene type ion exchange resin 
is an active catalyst for the hydration of n-butene to sec.- 
butyl alcohol and for the reverse, or dehydration reaction.

2. The presence of two liquid phases which are almost 
completely immiscible causes a large reduction in reaction 
rate due to liquid phase mass transfer resistance except 
when flow conditions corresponding to a high Reynolds modulus 
are used.

3. Resin phase diffusional resistance is not a major 
problem in this system; 100 - 200 mesh size gives a resin 
of 97.3# volumetric efficiency.

4. Equilibrium butene conversions for the liquid phase 
hydration process are higher by a factor of two to four than 
those for the high temperature, high pressure vapor phase 
process.

5. The slope of phase equilibrium tic-lines in the two 
liquid phase envelope may be determined by measuring chemical 
equilibrium conversions for a high and a low butene/water 
feed.

6. The life of the resin catalyst in the butene hydration * 
environment is sufficiently long that this factor is not an . 
important consideration determining its use.
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J. The effectiveness of the cation exchange resin as 
a hydration catalyst extends to propylene, the next mono­
olefin in the homologous series.

8. The cation exchange resin will replace the functions 
of sulfuric acid in the two-step esterification-hydrolysis 
process. This is partial evidence that the sulfonated resin 
can enter into chemical reactions to form solid intermediate 
reaction products. The results available from this series 
of experiments are not sufficient, however, to provide a 
definite answer to this question.



APFDDIX A

Differential Vacuum Distillation Calculations

In order to calculate the change in alcohol/water ratio 
which results from the differential distillation to remove 
butene, a conventional Rayleigh distillation calculation is 
carried out. A sample calculation for one set of conditions 
will be shown, followed by a graphical summary of the dis­
tillation corrections.

For this system, the requirement of vapor-liquid equi­
librium throughout the distillation may be represented as 

(1)

where n^, n^ = mois alcohol and water, and mois butene in 
the liquid. If an 81.7 wt. % a/AW solution is selected for 
the sample calculation, then, from Figure 18, pAW » 37mm. 
Also, from the data reported in Table II and Figure 8 on 
the solubility of butene in aqueous alcohol solutions, the 
following relation may be used to relate to p&:

7? O
where ■ mol fraction but one in the liquid 

P°g ■ vapor pressure of pure butene at 25*C 
■ 1800 mm mercury 

/ ■ a ■ non-ideality factor, a function of the alcohol/ 
water ratio
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= 0.168 for 81.7 wt % A/M

The material balance equation

d % * '"AW * V d <3)

may then be combined with equations (1) and (2) to give

" Paw ("AW ♦ >> 
Aw ■ ■ B............

P B
dp

p - Paw
(4)

where P = the variable distillation pressure, mm mercury 
(n.u + n_) = average total mois in liquid per mol of
original butene saturated liquid. For the 81.7 wt. % A/AW 
solution, it will be seen that (n^ + n^) _ q

a satisfactory mean value. Equation (4) may then be inte­
grated to calculate any final value of (P - P^)> 0» The 
following integrated equation is obtained by substitution 
of the stated values of the constants:

A"aw = 7.1 X 10-3 log (5)

The calculation is completed for any value of final distil­
lation pressure by assuming the relatively small amount of 
butene present does not affect the alcohol/water relative 
volatility. With this assumption, the binary vapor-liquid 
data of Figure 19 may be used to calculate An& and An* from 
the value of An.u given by equation (5).
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Since the final measurement after distillation is to be 
a density determination, the small effect on density of the 
butene not removed by the distillation must also be considered. 
Measurements of density of butene saturated alcohol solutions 
show that, in this range, 1 wt. % butene has the same effect on 
density as 1.3 wt. % butyl alcohol. It follows, therefore, 
that the distillation correction should pass through a minimum 
when determined as a function of final distillation pressure. 
If the final distillation pressure is not sufficiently low, the 
correction will be large due to the effect on density of the 
considerable amount of butene left in the final solution. Con­
versely, it may be seen from equation (5) that as the final 
pressure is reduced, (P - 37)^ —>0, and dn^ becomes large due 
to the differential distillation effect, and the correction will 
again become large.

These calculations were completed for a number of alcohol/ 
water ratios and for a dumber of different final pressures.
Some of the results are summarized on Figure 20. Prom the
optimum indicated by these figures, a 
= 7 ram was selected as a standard for

final pressure (P - p^) 
all distillations run.
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APPENDIX B

Gas Product Analysis

Ho simple and accurate method of analysis was available 
for the secondary butyl alcohol and water content of the 
saturated vapor product. However, since the amount of 
alcohol and water leaving in the gas product was in general 
much less than in the liquid product, it was considered 
satisfactory to calculate the analysis from vapor pressure 
and vapor-liquid equilibrium data for the alcohol-water 
binary. The calculated compositions will be in error to 
the extent that the behavior of the vapor deviates from 
Dalton1s law of ideality, and the alcohol-water relative 
volatility is affected by the small amount of butene dis­
solved in the liquid phase. Since most of the data are for 
dilute aqueous alcohol solutions, that is, below the liquid­
liquid solubility limit (see Figure 8, p. 42), only the 
calculations for this range of products will be shown. The 
calculation for the more concentrated products is completely 
analogous to those illustrated.

Liquid product composition, x^ = 11.6 wt. % = 3.09 mol % A/AW 
Prom vapor-liquid equilibrium data, Figure 19, p. 86, y& - 
28 mol% A/ AW.
From vapor pressure data at 2$*C, Figure 18, p. 86, p^ = 36.7 mm 
for x& = 11.6 wt. % .
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3.55 -ol *

• • 7B = 95.06 mol %
100.00

In this way a graph was prepared giving vapor composition as 
a function the alcohol content of the liquid product.



NOMENCLATURE

a activity
A sec-butyl alcohol; frequency factor in Arrhenius

equation; cross-sectional area of reactor
AW sec-butyl alcohol and water
B n-butene
C reactant concentration
CeS.T. critical solution temperature
D.V.B. divinylbenxene
E energy of activation
Fm molar flow rate
F? volumetric flow rate
HR hydrogen form of cation exchange resin
k reaction rate constant
Ka equilibrium constant in terms of activities
Kx equilibrium constant in terms of mol fractions
n mois component in liquid
P partial pressure
psi pressure, pounds per square inch —
P pressure 1
P vapor pressure of pure component
r reaction rate
R resin radius; gas constant
R® modified Reynolds number
T absolute temperature, • Kelvin
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water; weight of catalyst 
mol fraction in liquid 
mol fraction in vapor

Greek letters

phase distribution coefficient; non-ideality factor 
penetration function in resin efficiency function 
increment
volumetric efficiency of the resin

Subscript

final 
initial 
integral 
molar 
particle 
volumetric
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