THE UNIVERSITY OF MICHIGAN

INDUSTRY PROGRAM OF THE COLLEGE OF ENGINEERING

HYDRATION OF PROPYLENE WITH A CATION EXCHANGE RESIN CATALYST

John Harold Hiestand

A dissertation submitted in partial fulfillment
of the requirements for the degree of
Doctor of Philosophy in The
University of Michigan
Department of Chemical Engineering

1961

May, 1961

IP-515



Doctoral Committee:

Associate Professor Kenneth F. Gordon, Chairman
Associate Professor Wilbur C. Bigelow

Professor Giuseppe Parravano

Assistant Professor Dale F. Rudd

Associate Professor Milton Tamres



ACKNOWLEDGMENTS

The author wishes to express his appreciation to the members
of his committee for their discussion and comments on the various aspects
of this work, and particularly to Professor K. F. Gordon for his guidance
during the completion of the experimental work and to Professor R. R.
White for his guidance and encouragement throughout the beginning of
this investigation; +to the shop and office staff who gave freely of
their time and aid; and to the many graduate students who contributed
much through their stimulating discussions of the study.

Materials supplied by the Phillips Petroleum Company and Dow
Chemical Company are gratefully acknowledged.

Financial assistance in the form of fellowshlps and grants
from the Socony-Mobil 0il Company, Gulf Research and Development Company,
E. I. du Pont Company, and Dow Chemical Company is much appreciated.

Finally, the author wishes to thank his family: his wife,

Carol, and his parents for thelr inspiration and assistance.

ii



TABLE OF CONTENTS

-----------------------------------------------

------------------------------------------------

------------------------------------------------

--------------------------------------------------

EQUIPMENT ..ttt ieeensnnesoeenosssoasnssoeonnoosossnssecananons

S P

APPENDICES

A Derivation of Rate Equation

B Derivation of Modified Rate Equation .

----------------------------------------------

--------------------------------------------------

oooooooooooooooo

C Sample Calculations ........ s eescessescsosesoseoasonos

D Experimental Procedure .......cv.cievvevsvnnanccconarans .

E Chemical Analysis of Samples

oooooooooooooooooooooooooo

P Estimate of Exrror .....ooviveeven. N

G Heat

H Correlation of Data

NOMENCLATURE

BIBLIOGRAPHY

...................................

-----------------------------------------------------

.................................

iii

.................

Page
ii
iv
vi

vii

10
17
20

52

23
5k
61
65
67
70
73

5
81

83



ABSTRACT

The hydration of propylene to isopropyl alcohol in the presence
of an acid cation exchange resin catalyst was studied in a flow reactor
under steady-state conditions. The experimental variables investigated
were:

Temperature: 100° to 160°C

Pressure: 450 psig and 1440 psig

Resin size: 32-42 mesh and 100-150 mesh

Hydrogen ion concentration: 0.462-1.678 meq./ml
Feed composition: 0-60% (wt. % isopropyl alcohol)

Incremental reaction rates were measured as a function of
temperature, pressure, resin size, hydrogen-ion concentration, and feed
composition. The reaction rate, correlated as a function of temperature
and concentration in the liquid on the propylene-free basis, is:

r = exp(-21,600/RT){(-37.94 + ~.0.668t - 0.0026t2) * 107

+ (2.059 - 0.06517t) * 10%0x + (1.952 + 0.00937t) * 10Mx3)
gm.-moles/eq.-min. @ 450 psig

and

10 11

r = exp(-21,600/RT){(L.68 - 0.005%t) 107~ - (k.32 - 0.023t)- 107 x
+ (20.98 - 0.122t)- lOllxg} gm.-moles/eq.-min, @ 1440 psig

where R = 1.987 cal/gm.-mole-°K, T = °K, t = °C, and the mole fraction of

isopropyl alcohol in the liquid (propylene-free), x = O to 0,12, This

yields an apparent activation energy of 21,600 cal/gm.-mole for the 8%

crosslinked, sulfonated polystyrene resin catalyst used, Dowex 50WX8.

Resin size had no apparent effect on the reaction rate, indicating that

diffusion is not important in this system under the conditions investigated.,
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The rate per unit of catalys®t volume is- not#a Xinear function
of hydrogen-ion concentration. Initial rates are correlated by:

r. = {12.952[H+] + 4.002[H 1%} x 1073 gm-moles/liter-min.
where [H¥] = meq./ml. of saturated resin.

Because the formation of di-isopropyl ether becomes increas-
ingly noticeable abo#e 140°C, only a few exploratory runs were made in
this area, and no attempt was made to correlate the data.

The resin half-life is 155 days at 130°C, found by extrapolat-

ing data at 200°C and 170°C on a log half-life versus l/T plot.
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INTRODUCTION

Since the first commercial production of isopropyl alcohol,
about 1920, it has been widely used as a solvent, a dehydrating agent,
a disinfectant, and a raw material for the manufacture of acetone and
other compounds. Production in 1960 was 1,250,000,000 pounds with a
value of $88,56O,OOO.(15) Petroleum refining companies are currently
interested in a relatively simple and inexpensive method of converting
by=product propylene to isopropyl alcohol for use as an anti~-icing
additive for gasoline.

The most obvious route for making isopropyl alcohol is the
catalytic hydration of an olefin in the vapor phase or the use of a
mineral acid 6f the acid form of a cation exchange resin as the catalyst

in the liquid phase.

General Background of Hydrolysis and Hydration

The hydrolysis of olefins to alcohols has been carried out
with a number of catalysts. The original commercial process(l) is a
two-step operation. The olefin is first contacted with concentrated
sulfuric acid in a counter~current absorber to form the alkyl sulfuric
acid. This intermediate product is passed through a hydrolyzer and
reacted with water forming the aleohol and sulfuric acid which are
separated by distillation.

Recently many alternate progcesses have been investigated.
Some make use of direct hydration on a solid catalyst while others

involve direct hydration with strong mineral acids or their salts.

-1-



Most reactions in the solid catalyst group take place at high temper-
ature and high pressure in the vapor phase. The mineral acid or salt
reactions occur in the liquid phase. The use of the acid form of
cation exchangers as hydration catalysts has also become of interest.
Table I lists some of the hydrolysis and hydration catalysts
investigated with their references. McDonald and Hamner(27’28’29) dis=

cuss the latest developments in the field.

General Background of Ton Exchanger Catalysis

Like mineral acids, the acid form of catlon exchanger catalysts
are highly active at relatively low temperatures and pressures because of
the high hydrogen ion concentrations. However, the advantage of direct
reaction on a solid catalyst, namely the easy separation of catalyst
from product, is enjoyed. Ion exchangers have been used as catalysts
for many types of orgenic reactlons. Table II lists reactions which are
catalyzed by elther cation or anion exchangers or In some cases both,
presumably through different mechanisms.

The reaction under investigation is catalyzed by the acid
form of a cation exchanger, Dowex 50, a sulfonated polystyrene cross-
linked with divinylbenzene. This resin, described by Bauman and
Eichhorn(S), has been used as a catalyst in numerous investigations

of organic reactions§35’u’18’ll’25)

The newer form of the resin,
Dowex 50W, sulfonated under controlled conditions, was used in this

study.



Catalyst

Mineral Acids

Ton~exchangers

Inorganic Oxlides
(alumina, silica, zir=
conia, thoria, titania,
tungstic, and ferric)
Activated Copper

Permanganates, Alumi~
nates and Silicates

Silicaphosphoric Acid
Chrysocolla

Halogenated Poly=
carboxylic Acid

Organic Nitrogen Bases

TABIE T

HYDRATTION CATALYSTS

Author

Ipatieff & M e
e o %%%%ﬁs
Sherwood

Chambers 8)
& Nachod (1 95

levy & Greenhalgh(
Muller & Waterman

Stanley et al

23),
30)]

, Majewski

(26)
K
u’é?fe ’

Douglas(ll), Kelth(l6) Kreps
Langer(

) Young(hu

Lukasiewicz, et a1(2h>

Reynolds & Pittwell{32

Robinson(33), Runge, et al(3h)

Cottle & Young(9)

Teter, Gring, and Hettinger

(43)

Wegner
smitn(39)

Friedman & Morritz

Bent & Wik(6)

(12)

(42)

E



TABLE IT

ION~EXCHANGER CATALYZED REACTIONS

Reaction Type

Hydration-dehydration

Alcoholysis
Esterification
Sucrose Inversion
Acetal Synthesis
Alkylation

Condensation

Avthor

Hamilton & etgner(l5), %Eessman(QO)
Reed, et a1(31), Sussman(4l)

SUSSman(ul)
Kressman(zo), Sussman(ul)
(k1)

(41)

Kressman(go), Sussman
Kressman(20>, Sussman
Ke11y(17)

Astle & Pinns(2), Kressman(20)



THEORY

Hydration Reaction

The hydration of propylene to form isopropyl alcohol was

investigated using a cation exchange resin as .catalyst.

cation
exchange OH

HoC = ¢ = CHs + Hp0 ¢ 2  HzC - C ~ CHz
resin

The reactants form a vapor=~-liguid mixture since the temperature required
to obtaln useful rates is above the critical of propylene.

Vapor-phase chromatography was used to determine the products
by comparison of chromatograms with those of standerd samples of ex-
pected products, isopropyl alcohol, di~lsopropyl ether, ngpropyl alcohol,
and acetone. The only compounds found in the product were isopropyl
alcohol and di=isopropyl ether. The rate of formation of di-isopropyl
ether 1s much slower than that of isopropyl aleohol; therefore, this

reaction does not consume an appreciable amount of reactants below 160°C.

cation
exchange H H
EHQC = C = CHB + HEO p— HSC - g - Q = g.w CHg
H resin ‘BB ﬁf

In runs at atmospheric pressure and 130°C, where the reaction
mixture is entirely vapor phase, no reaction was apparent with the cation
exchange resin catalyst, so the vapor-phase rate must be negligible in
comparison with the catalyzed liquidmphase rate. Marberry(25) found that
the rate of cumene hydroperoxide decomposition catalyzed by Dowex 50

resin was dependent upon the water concentration in his reaction mixture.



Perhaps liquid water must be present for a reaction to take place in
the resin phase. ILiqulid water causes an expansion of the resin allow=
ing molecules to diffuse into the resin more freely,‘and it causes the
functional groups to become more highly ionized favoring the carbonium
ion reaction.

Since the vabor~phase rate is negligible, the reaction may
be considered to take place between the propylene dissolved in the water
and the water itself. Inside the resin phase, this reaction probably
takes place much the same as the carbonium ion reaction in aqueous acid.
The resinuliquidavapof reaction system is‘much too cqmpiex to determine
the mechanism from overall rate data alone. Howevery; the carbonium ion

22)

mechanism( is chosen as a possible mechanism and a rate equation is

developed which justifies the correlation of the rate data.

K
_ - + 1 g _ +
HoC = ¢ =CHg+ H —=— (HsC ~ ¢ - CHy) (1)
H k H
2
-+ kB O\H 4
(H,C~C=CH) +HO0OZ_—?HC~( ~CH +HX (2)
3 5 3 25 T LT s
Ky

The equation for the rate of formation of isopropyl alcohol is derived
in Appendix A.

4[ 1~C O] k[ ]

at - k ;+k5 1,01 {IesHg108,0] -

[:L~C5H7QH]

(3)

The reaction is exothermic. The heat of reaction, calculated
in Appendix G, is =10.T4 kcal/gm.-mole corresponding to a heat generation

of 2.69 =~ 107 cal/min. or 0.187 - 7.43 watts for rates measured in the



range 100° - 140°C. A typical power input to the reactor heaters is 130
watts. It is apparent that the heat of reaction is negligible compared

to the heat required to maintain the reactor at operating temperature.

Nature of the Catalyst

Ion exchange materials have functional groups, capable of
ionizing, attached to a non-ionizing skeleton which is insoluble in
the exchange medium. Some occur naturally, such as silicates, micas,
and feldspars, but the synthetic resins are more specific in their
action since they contain only one fuﬁctional group. Cation exchange
resins may contain carboxylic, phenolic, sulphonic, or phosphonic
groups. Resins containing sulphonic or phosphonic groups are the most
useful for acid catalyzed reactions since both are strong ééid groups.

Dowex 50 is a polystyrene, cross—linked with divinylbenzene
and sulfonated with HoSO). A newer type, Dowex 50W, is sulfonated
under controlled conditions yielding a product which has a lighter
color and a greater mechanical strength due to less charring of the
organic material and smaller internal stresses. Dowex 50W was chosen
as the catalyst for this reaction because other investigators had
difficulty with Dowex 50 disintegrating at lower temperatures than
those required for this reaction.

In the Dowex 50 resin, the sulphonic acid groups are attached
to the benzene rings with the gel structure shown on the following page.

The amount of cross-linking determines the absorptive and
swelling capacities of the resin., Highly cross-linked resins have low

absorptive and swelling capacities. As a result, the rate of absorption



u
« CHp = CH = CH, = CH = CH, = CH = CH, = CH = CH, =

O QA

.

~ CH, ~ CH - CH, ~ CH,M CH, ~ CH ~ CH, ~

O 4
805H SOBH
e .._J‘n

of large molecules is limited by a highly cross=linked resin because the
resin structure offers an obstruction to the migration of these molecules.
Conversely, small molecules are little affected by cross-~linking. 'An 8%
cross=linked resin was chosen because 1t has the optimum cross-linking
for most systems; it neither swells excessively nor offers too much
diffusional resistance.

For the sake of simplicity, most authors assume that the gel
phase has a continuous "liquid" structure. This phase is in equilibrium
with the external 1iquid phase; the concentrations of the gel phase are
determined by the external concentrations and the phase distribution
coefficients of each of the components.

Ton exchange resins selectively absorb materials from a
multicomponent mixture. This can be deseribed by the phase distribution
coefficients which are the ratios of internal to external concentration
of each component.

In the treatment of ion exchange catalysis data phase dis=
tribution coefficients recelve various degrees of attention. Some
authors ignore them; others use them but make simplifying assumptions

such as their independence of temperature and concentration. It is



now recognized that distribution coefficients are important and are

functions of concentration and temperature.

Correlating Equation

In Appendix B, the rate equation 1s developed from the theory,
Justifying the form of the equation wused for correlating the rate data,
Although the data are correlated by the equation, this does not prove
that the assumed mechanism is correct.

Since the reaction system is complex and the phase diagram
for the gel-liquid~vapor system of the three~-component mixture is not
available, it is necessary to simplify the derivation of the rate
expression to arrive at an equation which may be written as a function
of the liquid-phase mole fraction of isopropyl alcohol on the propylene-

free basis.

+
afi=C<xH-0H k- kz|[H
[4 ._____;j 1. _l._(?}_[_l {A+BrtCx24Dx S+ ExHFx0 } (%)

The constants, A through G, are defined in Appendix B,
Although G is a function of x, it is assumed to be constant over the
range of x investigated. A more exact rate equation would be a poly=-
nomial of higher degree; substituting a power series of x for G; however,
rate data would scarcely warrant being fitted by an equation containing
more than two or three constants while Equation (4) has eight constants
after combining kl and k5. The correlations are made with three~constant

equations.



EQUIPMENT

Flow Description

Much of the equipment used was designed for the dehydration
of n-butyl alcohol.(57) Details of the original equipment may be found
in the dissertations of Sliepcevich(58), Dale<lo), and Douglas(ll).
Several modifications were made to adapt the equipment to the present
investigation.

As shown in Figure 1, distilled water was pumped from its
gaging cylinder (A), through a cation exchanger bed for metal ion
removal (B), to the reactor (C). 0il was pumped from its gaging
cylinder (D) to the first cylinder of the mercury displacement feed
system (E), displacing mercury into the second cylinder (F) and in turn
propylene to the reactor (C). To provide positive pressure to the pump
intakes, assuring uniform pumping rates, a nitrogen pressure of 50 psi
was applied to each gaging cylinder.

The two feed streams entered the reactor inlet tee from
opposite sides, mixed in the center, and passed into the reactor
through a feed preheater section where the reaction mixture was heated
to reaction temperature. A stainless steel cone, with a 0.006" diameter
hole at the apex, was placed in each of the feed lines at the entrance
of the inlet tee. The feed streams were thus jetted into the tee pro-
ducing good mixing of the two phases. After leaving the preheater,
the two-phase mixture passed through the resin catalyst which surrounded
a thermowell containing a traversing thermocouple (G). A gas loaded

back~pressure regulator valve maintained the reactor pressure. The

=10-



sngeaeddy T aan8rJg

-11-

|
1
[ |
W3L1SAS | |
a3ss |--H W
HOLVNVd3S 31dNOJOWNIHL -1 Q-
y¥3184ans8 ONISNIAVYHL-9 IN3INW3OVdSIa | |
A¥NOY3IwW |4 “ “ 3
3JATVA [ T T
0¥LNOD TIMOWYIHL dwnd
38NSSINd _\ 1vna T

¥40l0v3Yy -2
Dt ey
X
D
X

> o
o.
< E < 9
r Cr
L, | -
@ 2 M Z
. z= 53
S ® » 2
Z 22 3
m (2] )
x z
m ®
z
. - 9
sanoo 0, 9000 ISy m | i
pu n
o

2SI 3¥NldNY II\\H

»zm>“ W3IANITAD °N Wous

-t




=12~

product passed to a separator from which the propylene flowed to a

water bubbler and a wet test meter vented to the atmosphere.

Apparatus Description

The gaging cylinders (A) and (D) were constructed of 3" D, x 36"
brass pipe with pipe caps threaded and soldered on each end. Each
cylinder was equipped with a pair of Penberthy gage valves and a B/h" 0. D.
heavy wall pyrex gage glass for the measurement of pump input rates. The
pump was a Hills-McCanna type HAJD-3/8", dual unit rated at 10,000 psi
maximum.preséure with adjustable rates of 0.08 to 0.8 gph. The check
valves of this pump operated erratically and were replaced by external
twin seal check valves, Autoclave Engineers type 30K-4400, This valve
has a spring loaded check which offers a metal to metal taper seal plus
a neoprene "O" ring seal, The modified pump operated well at all pres-
sures and flow rates used, i.e., 0.3 to l5cc/min,

The vessel used to contain the resin bed (B) was an Aminco
type 406-38A reactor vessel, rated at 15,000 psi, with inside
dimensions of 1" D, x 8" L,

The mercury displacement vessels were obtained from equipment
storage. Vessel (E) was an Aminco type 21-4750 reaction vessel of
manganese steel, rated at 15,000 psi, with an approximate volume of
1750 ml, Vessel (F) was an Aminco type 41-4675 reaction vessel of
manganese steel, rated at 15,000 psi, with an approximate volume of
1150 ml. The tube which dipped into the mercury in each of these ves=-

sels was 1/4" stainless high pressure tubing threaded to the cap.
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The reactor vessel was constructed of 19-9 W=Mo forged product
of Universal Cyclops Company. It was approximately 30" long with a
2 1/2" 0.D. and 3/W" I.D. The volume of the reactor with the 1/4" 0.D.
thermowell in place was approximately 150 ml. The reactor was Lined
with a 30" x 3/4" 0.D. x 0.020" wall thickness tantalim liner, and the
thermowell jacketed by a 34 1/16" x 1/4" I.D. x 0.0L0" wall thickness
tantalum sleeve. To prevent bypassing of the reactants, the liner was
rolled into place with a heat exchanger +tiube roller and the thermowell
jacket was welded around the top. The resin was supported by 2" of
pyrex wool in the bottqﬁ of the reactor, and approximately 2" of pyrex
wool was placed on top of the bed to prevent the resin from being blown
back into the inlet iines in the event of an accidental pressure release,

The reactor pressure was controlled with a Grove Model 9CW back
pressure regulator fitted with a teflon diaphragm, loaded with gas
preésure from a nitrogen cylinder. This valve could be used to regulate
the pressure from 100 to 2000 psi.

The temperature was controlled by a 300 watt heating wire
wound over the reactor length. To obtain a uniform temperature distribii-
tion, the reactor was divided into 5 longitudinal heater sections: two
end sections, 3 1/2" long, adjoining 7" sections with a 10" center
section. On top of the 300 watt wire; each section was wound with a
100 watt heating wire controlled by a separate variable transformer,

A thermocouple (between the reactor inlet flanges) actuated the temper=
ature controller which regulated the feed preheater, a 275 watt heating

tape wrapped around the reactor inlet tube,



As seen in Figure 2, the rsactor was covered by a double
layer of glass cloth held in place by Scotch No., 27 High Temperature
Electrical Tape. Heater "O", 300 watts, was wound on this at 1/8"
spacing along the entire reactor length. This was covered by a layer
of No. 27 tape and two more layers of glass cloth over which were
wound. the five sectional heaters, "X", "T", "M", "B", and "E", These
were also covered with tape and glass cloth for insulation. All of
the heaters were wound on a lathe to obtain uniform wire spacing and
tension, Table IIT shows the pertinent design deta and measured

ratings of the completed heaters, Figure 3 shows the heater wiring

diagram,
TABIE III
HEATER DESIGN DATA
Measured

Heater Wire Size Length Resistance Actual Rating
mon 22 ga. 31 105 ohms  3how @ 2oy, 1.4sA
o 30 ga. 3 114 ohms 126w @ 120v, 1.05A
i 28 ga. ™ 150 ohms 96w @ 120v,; 0.80A
M 26 ga. o" 140 ohms 103w @ 120v, 0.86A
"R 28 ga. i 148 ohms 97w @ 120v, 0,81A
"E" 30 ga. 3" 140 ohms 103w @ 120v, 0.81A

NOTE: All heaters were wound from Chromel A wire at 1/8"
spacing.
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SCOTCH NO.27 TAPE

/HEATER WIRES

ey
NN

REACTOR SECTION

1-GLASS CLOTH (2 LAYERS)
2-HEATER WIRE
3-TAPE

DETAIL A
Figure 2, Heater Detalls.
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MATERTALS

The propylene, supplied by the Phillips Petroleum Company,
was Technical Grade Propylene, 95 mole % minimum. Our mass spectro=-
meter yielded the following analysis:

Propylene 96.53
Propane 3. 47

The isopropyl alcohol, supplied by the J. T. Baker Chemical
Company, was reagent grade containing a maximum water impurity of 0,04%.

The water was taken from the Fast Engineering Building dis=
tilled water supply. This water is single distilled and contains some

metal lons introduced. in the storage and distribution system.

Cation Exchange Resin

The Dowex 50WX8 resin, supplied by the Dow Chemical Company,
is a monosulfonated polystyreme with 8% divinylbenzene cross~linking,
One sample was screened from a batch of 50~100 mesh resin and another
sample from a batch of 100-200 mesh resin in the following manner:
1. The resin was allowed to stand submerged in dis=
tilled water for at least 10 minutes.

2, A small amount of resin was poured on a series of
Taylor screens, 32, 42, and 100 mesh.

3, The resin on the 32 mesh screen was washed repeatedly

until most of it had passed through.

-17-



-18-

4, The resin remaining on the 42 mesh screen was washed
several more times,

5. The fractions were separated and the process repeated
for another small amount of resin,

When approximately 600 ml, of the 32-42 mesh resin had been
collected, it was put.through the above sequence two more times. The
100=200 mesh resin was screened as above using 100, 150, and 200 mesh
screens.

The resin cbtained from screening was washed several times
with 6N HC1l and then with distilled water until the effluent was
approximately neutral as determined by pH paper.

The resin was analyzed for capacity and water content by the
following technique:

1. 5 ml., completely saturated samples were measured

in a 5 ml. graduate,

2, The samples were transferred to Buchner funnels and
centrifuged 4 minutes to remove excess water,

3., The samples were weighed and transferred to Erlenmeyer
flasks.

L, Approximately 20 ml, of 1 M NaCl solution and 2 drops
of phenolphthalein solution were added and the samples
were titrated with 1 N NaOH solution.

>» Another small amount of the resin was dried in a vacuum
oven for approximately 6 hours at 100°C,

6. Approximately 2 gram samples were weighed out into

Erlenmyer flasks.
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T. Approximately 20 ml, of 1 M NaCl solution and
2 drops of phenolphthalein solution were added
and the samples were tltrated with 1 N NaOH
solution.
From the data obtained by the above, the following calculations
were made: 1) meq./ml. (wet), 2) meq./gm. (wet), 3) meq./gm. (dry), and

L) 9 water.



DATA AND RESULTS

Rate data were obtained for the continuous hydration of
propylene to isopropyl aleohol using an acid cation exchange resing
Dowex 50WX8, as catalyst. It is hoped that these results will be useful
for extrapolating rafes for this and similar reactions.

The range of variables wasi

Temperature 100° = 160°C
Pressure 450 and 1440 psig
Resin Size 32~42 and 100-150 mesh

Hydrogen-Ion Concentration 0,462 - 1,678 megq, /ml,
Feed Composition (liquid) 0 ~ 60% isopropyl aleohol
The reactor was operated as a) an incremental reactor and
b) an integral reactor. In the incremental reactor propylene and
mixtures of isopropyl alcohol and water were used as feed with relatively
high flow rates and low conwversions, In the integral reactor propylene and
water were.féd and the feed rate was varied. In both, sufficient propy=~
lene was fed to maintain a vapor phase as well as the liquid and resin
phases over the reactor length,
Two runs ﬁere made to obtain resin life, A series of runs
was also made at 130°C and 1440 psig to determine the effect of

hydrogen~ion concentration in the resin on initial reaction rate.

Incremental Data and Results

Data at varying feed compositions, taken by the incremental

method,; were obtained for seven conditions. They were plotted as rate

-20-



versus composition on a propylene-free basis in Figures 4 -~ 10 énd in
Tables IV = X, A detalled experimental procedure is outlined in
Appendix D and the product analysis procedure is found in Appendix E,
The feed rate was adjusted so that the change in concentration of
isopropyl alcohol was less than 5 wt. %. The incremental rate was

then calculated by the formula, Rete = FAx/N. This was assumed to

be the rate at the average of inlet and outlet composition. This rate
was then corrected for isopropyl alcohol lost in the vapor product and
for the deviation from the correlating temperature. Sample calculations
are given in Appendix C.

The plotted data show that a parabolic curve fits the data.
Data were fitted by the least~squares method, and the mean deviation,
0¥, was caleulated. Points falling outside the range of 2,50 (98%
confidence interval) were discarded and the data were recorrelated.

A summ§ry of the correlations is given in Table XI and Figure 1l. An
estimate of the experimental error 1s given in Appendix F.

The datey taken to determine the efféct of temperature,
pressure and resin size on the reaction rates, were divided into
eleven groups in Tables IV ~ X and Tables XII - XV. A comparison of
Groups III and IV shows the effect of resin size. Both were run under
the same conditions, 130°C and 450 psig, but the resin for Group III
was 32 = 42 mesh and that for Group IV was 100 - 150 mesh. Although
the correlations are not identical, the deviation is less than 2.50;
therefore, the effect of resin size on the reaction rate is assimed to

be negligible.

* Statistically speaking, o is the standard deviation of an infinite
sample, The ¢ wused here is s, the mean deviation of a finite sample.

~2] -
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A comparison of Groups IV and V shows the effect of pressure
on reaction rate. Both were run with temperature and resin size the
same, but pressure was raised from 450 to 1440 psig. The rates in-
creased, presumebly due to an increased solubility of propylene in
the ligquid phase,

Equation (4), the theoretical equation, predicts that one
equation could correlate all of the data. The constants, A through G,
are made up of the fundamental system constants, i.e., solubility
consitants, diétribution coefficients, equilibrium constant, and molal
volﬁme, as shown in the derivation in Appendix B, These system con=
stants are functions of system properties, concentration, temperature,
and pressure. The constants, A through C, obtained for the correlations
of data were correlated as simple functions of temperature, with the
knowledge that they are complex and unknown functions of temperature.
Substituting these functions of temperature for the constants in the
rate equation, a single rate correlation was obtained at each of the
pressures which correlated all of the data with a falr degree of accuracy.
The calculations are shown in Appendix H.

/
r = exp(~21,600/RT){(~37.9% + 0. 668t = 0.0026t%) + 107

(5)
+ (2,059 - 0.06517¢) * 10%0% + (1.952 + 0.00937t) - 10M1x2}

gm. -moles/eq. -min at 450 psig.

and

r = exp(~21,600/RT){(1.68 ~ 0.005t) - 107 - (k.32 - 0,023t)

- 10Mx + (20.98 - 0.122%) - 10M1x2} gm, -moles/eq. -min.

(6)

at 1440 psig
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-2l

LOx10>
CONDITIONS :
100°C, 450 PSIG,
© 32-42 MESH RESIN
o)
© o
ﬁD —— LEAST - SQUARES AND GENERAL CORRELATION
0.5x0°0 N 5
(0] 10 (o)
/
\r\\\\- ____’,,/:)
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X, MOLE FRACTION OF ISOPROPYL ALCOHOL IN PROPYLENE
FREE LIQUID

Figure 4 Group I Data.
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Figure 5.

Group II Data.
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Figure 6. Group III Data
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TABIE XTI

SUMMARY OF CORRELATIONS

Group I r. 107 = 0.6348 - 10.11x + 66.59x°, 100°C, 450 psig

]

Growp TT - 100 = k668 - 4o.65x + 2b9.2x%,  120°C, U450 psig

Group III r- 10° = 10,10 - 12L.5x + 603.1x2, 130°C, 450 psig

i
{

{

Growp IV  r- 100 = 10.12 - 146, 7x + T45.4x2, 130°C, 450 psig

Group V re 107 213.6x + 992.3x°, 130°C, 1440 psig

19.89

Group VI - 107 = 17.23 - 248.kx + 11h7x>,  1ho°C, 450 psig

1

Group VII r. 107 = 36,72 = 32k Ox + 1454x?,  1ho°C, 1440 psig

General Correlations:

t

i}

100° - 1ko°C, P = 450 psig

exp (-21,600/RT){(~37.9% + 0.668t - 0.0026t%) + 107

i}

xr
+ (2,059 - 0.06517t) - 10%% + (1.952 + 0.00937t)

10™%?} gm-moles/eq. -min.

.

c*.
]

130° - 1ho°c, P = 1440 psig

r = exp(~21,600/RT){(1.68 = 0.005t) - 100 - (k.32 - 0.025t)

S

101 + (20.98 - 0.122t) - 10™%?} gn-moles/eq.min.

s}
W

1.987 cal/gm-mole’K, T = °K, t = °C.
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Figure 11.

Sumexy of Correlations.
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where R = 1,987 cal/gm, -mole-"K, T = °K, t = °C, and x = 0 to x = 0,12,
the liquid-phase molé fraction of isopropyl alcohol on the propylene=
free basis, These correlations are shown as dotted curves in Figures
4.10. On figures which show only one curve, the general correlation

is didentical with the individual correlation.

Integral Data and Results

Data from integral reactor operation are plotted in Figures
12=15, The differentiated data are given in Tables XII=XV and the
calculations in Appendix C. These yield initial rates at higher
temperatures as shown in Figure 16, log initial reaction rate versus
l/T. The initial rates at 150°C and 160°C deviate from the expected
straight line.. This could be due to the resin diffusion becoming a
controlling factor or to a combination of a number of factors such as
the changing of distribution coefficlents in addition to the increased
diffusional resistance. Further investigation in this region was not
undertaken because of the increased rate of ether formation above 140°C,

The apparent reaction activation energy was found to be 21,600
cal/gm~ mole from: Figure 16. The initial rates are given by:

r; = %.87x107 exp(-21,600/Rr) gn-moles/eq.-min. at 450 psig, 100-1h0°C
.‘.0(7)
r, = 10. 05x107 exp(~21,600/RT) gm-moles/eq.-min. at 1440 psig,
130-140°C (8)
where T = °K, R = 1,987 cal/gm-mole~"K
Chemical analysis of the reactlon products shows that increased
temperature, pressure; and alcohol concentration favor the formation of

di~isopropyl ether. Data were not taken gbove 160°C where the compet-

ing reaction of ether formation becomes important.
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TABLE XII
INTEGRAL REACTOR DATA - GROUP VIII

Conditions: 140°C, 1440 psig, 100-150 mesh resin

Runs: 117-121 r x 103
x N/F Ax AN/¥ X 2107 _gu-mol,
AN/F eq, -min,
0 0 ho, 6
.02k . 6654 36. 17
.02k . 6654 29.5
. 0156 . 5902 26,45
.0397 1.2556 2k, 9
. 0517 2.332 22,15
L0913  3.5876 | 21,7
. 0554 2.593 2L.37
L1468 6,1806 21,6
_ .1518 6. 893 22, 02
.2986 13.07k -
TABLE XITI
INTEGRAL REACTOR DATA -~ GROUP IX
Conditions: 150°C, 1440 psig, 100~150 mesh resin
Runs: 122-126 e x 103
x N/F Ax AN /F & 100 ~gu-mol.
AN /F ’ eq, =min,
0 0 LA
. 0129 L3127 41,09
. 0129 . 3127 . 40,8
. 00hs5 L2797 16. 09
LOL7h . 5924 ho,2-
. 0355 . 890k 39,92
.0529  1,.4828 39,2
. Ok 1.1215 39, 24
L0069  2,6043 ko, 3
. 0941 2. 0727 45, ho

.1910

L, 6313
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TABIE XIV
INTEGRAL REACTOR DATA - GROUP X
Conditions: 160°C, 1440 psig, 100-150 mesh resin

Runs: 127=-13%0

r x ]_O5
x N/F Ax AN/F A 510 _gn-mol
AN/F eq. ~min,
0 0 ' 78.8
. 0282 Lhe21 60, 92
. 0282 . k621 37.6
. 0057 .2913 19. 46
. 0338 . T53% 25.0
. 0159 . T8k 20,28
.0ko7  1.5378 20.6
. ok17 1.1878 35. 07
L0901k 2, 7256
TABLE XV
INTEGRAL REACTOR DATA - GROUP XI
Conditions: 140°C, 14140 psig, 32-42 mesh resin
Runs: 131, 133=135
r x 107
x N/F Ax AN /F DX o0 gmemol.
—-AN/F eq, =min,
0 0 35.9
. 0305 . 9046 33.73
. 0305 . 90k6 30.7
.obsT 1.6618 27, 51
L0762 2,566k 22,k
. . 0332 1.2187 27.21
L1093 3.7851 18.0
. 0409 3,2889 12,42
L1502 7.07h4O
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40x10° CONDITIONS : 140°C, 1440 PSIG,
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Figure 12. Group VIII Data
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Figure 13, Group IX Data.
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Figure 15. Group XI Data
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Figure 16. Log r; vs. 1/T
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Resin Life Data and Results

For the resin life runs, the reactor was operated at a high
temperature for three days with analyzed new resin, The resin was
analyzed for ilon exchange capacity and water content. The first rumn
was made at 200°C and the second at 170°C. The deactivation of the
resin is considered to take place due to the desulfonation reaction,

The half-life of the resin was calculated for each of these temperatures
assuming the desulfonation reaction to be irreversible and first order
in sulfonic group concentration (ion exchange capacity). Table XVI
shows the results of the resin analyses. Figure 17 is a plot of half-
life versus l/T. The half-life at 130°C, found by extrapolating the
high temperature data, is 155 days. After use at high temperature,

the resin became lighter in color and the water content of the saturated
resin decreased, This is presumably due to an increased cross=linking
of the gel., The high temperature and pressure caused no apparent

cracking or charring of the resin beads.

Hydrogen~Ion Data and Results

The initial rates were obtained for resin which had been
neutralized with NaOH to approximately 3/4, 1/2, and 1/4 the original
hydrogen~ion concentration, Incremental runs were made with pure water
feed and the rates were corrected to zero alcohol concentration using
the correlation of the Group V data. The data are shown in Table XVII
and Figure 18. Rate in gmamoles/liﬁeramin, versus hydrogen=lon con-
centration does not yield a linear relationship as might be expecteds

however, the presence of the sodium ion in the resin could change the
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TABLE XVI

RESIN HALF-LIFE DATA

Run 148 Run 156

t = 200°C t = 170°C

P = 1440 psig P = 1440 psig

50WX8, 32-42 mesh 50WX8, 100-150 mesh

New Resin Used Resin New Resin Used Resin
Activity 4. 930 meq/gm 0.517 meg/gm L, 861 meq/gm 3.854 meq/gm
% Water 52.83% 6.19% 55.22% 51. Lo%

Run duration = 76 hrs. Run duration = 73 hrs.

tl/2 = 23.3 hrs. = 0.971 days tl/2 = 218.3 hrs. = 9.10 days

Ave. measured temp. = 201.6°C Ave. measured temp. = 166.8°C

- - - - — - - =l - - - - -

absorptive properties of the resin, changing the distribution coefficients,
and yileld the above result. The data are correlated by:
+ -
r, = {12;952 [H ] + 4 002 [H+]2}x 10 5 gm. -moles/liter-min. (9)

where [H+] = meq./ml. of saturated resin.

TABLE XVII

HYDROGEN-ION DATA

(5] meq/ml ri[H+] gm. -moles/liter ri, gm-moles/eq.-min
1678 33. 55 . 103 19.890 x 1072
1.343 2k, 380 18.131
0.978 15. 917 16.275

0. k62 7.100 15. 368
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sh CONDITIONS: 140 °C , 1440 PSIG.
40x10 O INCREMENTAL DATA ,32-42 MESH RESIN

A INTEGRAL DATA, 100 ~150 MESH RESIN
G INTEGRAL DATA, 32-42 MESH RESIN

=3 © LEAST —SQUARES CORRELATION OF INCREMENTAL DATA
= 36xI0
s
It
a .
g 32410
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s \\\
S
&
A " o \
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a A A
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v/
@
16xI0° :
0 004 008 0.2 0.16

X ,MOLE FRACTION OF ISOPROPYL ALCOHOL IN
PROPYLENE -FREE LIQUID

Comparison of Integral and Incremental Data

The above plot compares the data taken at 140°C and 1440 psig Dby
both the integral and incremental methods (Groups VII, VIII, and XI). All
points meet the 2.50 test with the least-squares curve obtained from the
incremental data correlation. This comparison is sufficient evidence that
elther method of reactor operation yilelds data of the same reliability and
that integration of ineremental data is valid for integral reactor design.
Since resin size has an insignificant effect on rate, both resin sizes were
used for this plot. Incremental runs were not made at 150° or 160°C; there-

fore no comparison of integral data at those temperatures was possible.
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1.

CONCLUSIONS

The hydration of propylene with the cation exchange resin catalyst,
Dowex 50WX8, is favorable in the range 100°-160°C and 450-1440 psig.

The initial reaction rates for these conditions are:

r h.87xlo9 exp(=-21,600/RT) gm.-moles/eq. -min.

i
at 450 psig, 100-140°C

10.05x10° exp(~21,600/RT) gm. -moles/eq. -min,

H
1

at 1440 psig, 130-140°C

where T = °K., R = 1,987 cal/mole - °K.
The rates become constant at a certain product composition pre-
sumably due to increasing solubllity of the propylene in the
liquid phase.
By assuming a mechanism, a rate equation may be derived which
satisfactorily correlates the data for a mole fraction of isopropyl
alcohol up to 0.12 and a temperature range 100° ~140°C. (It is
given on page as Equation (4)).
The competing reaction to form di-isopropyl ether is favored by
increased temperature, pressure, and alcohol concentration becoming
important above 160°C where it corresponds to approximately lO% of
the propylene,.
The half-life of the resin, found by extrapolating data at 200°C
and 170°C, is 62, 155, and 370 days for 140°, 130°, and 120°C

respectively.
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APPENDIX A

DERIVATION OF RATE EQUATION

The rate equation for the carbonium ion mechanism may be

derived as follows:
k

| 1
HyC = C = CHg + i (8L - ¢ - CH5)+ (1)
H kg H
k OH
(B.C - C - o) + HO == HC - C - CH, + H (2)
3 I 3 2 3 i 3
] ,

The rate of formation of isopropyl alcohol may be written:

d[i-CsH7OH] k5[03H7+][H20] - kn[i—CBH7OH][H+] (10)

dt

The concentration of the carbonium ion, [CBH7+]’ is indeterminant, but may
be found by assuming it to be small and its net rate of formation to be
zZero,
+
a[CH. ]

———i;z—— =0 = kl[C5H6][H+] -k2[05H7+]SQS. + kh[i-c5H70H][Hf]

510587 1, g, [0 (1)
Solving Egquation (11) for [CBH7+]s.s.’ the steady-state concentration of
carbonium ion, and substituting the result in Equation (10) yields the
rate equation for isopropyl alcohol in terms of product and reactant
concentrations,

k1 [CsHg1[H'] + ky[1-CsHOH][E']
Se B Ky + kg[H,0]

-+
[C5H7 ]

-
d[1~CH-0H] kkz[H ]
at " Itz [H0]
where K = kikz/kok), the equilibrium constant.

{lcsHg11H0] - Efiféézfﬁl } (3)
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APPENDIX B

DERIVATION OF MCDIFIED RATE EQUATION

Beginning with the rate equation derived in Appendix A,

A[1-CzH-OH]  kykz[H ] 1-C5H7OH
R-CHoR] M 0 1% 0] - [1-CoR70L (3)
at ke, [H,0] 5 - K

which is the rate equation for the carbonium ion reaction in a homogeneous
liquid=~phase reaction, the rate equation for the reaction in the resin

phase may be written by adding the distribution coefficients.

+
=W
where [ ]S is the concentration of a component in the external liguid-
phase at the surface of the resin and o is the resin phase distribution
coefficient.
Simplifying assumptions may be made to reduce the number of
unknown coefficients.
1. Concentration of each of the components is egqual to
the mole fraction of the component divided by the
molal volume of the liquid.
2, The mole fraction of propylene is small and is a
function of the mole fraction of isopropyl alcohol.
3. The distribution coefficiénts are not functions of
composition.
One condition necessary to validate all of the above assumptions

1s that the range of composition must be very small, This condition is
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fulfilled since the range of the mole fractlion of isopropyl alcohol
used in the correlations is O to 0.1k,

A change of 0.14 in the mole fraction of isopropyl alcohol will
yield a change of approximately 50% in the molal volume, if the solution
is ideal. However, assumption 1 will stand since the purpose of this
derivation is to show the general form of the correlating equation.

Solubility of propylene in water-siopropyl alcohol mixtures is
not known. Azarnoosh and MbKétta(B) have published the solubility of

ropylene in water in the range 200-500 psig and 100-220°F. This data
may be extrapolated to reactor conditions with some degree of reliability
with the least confidence being placed in the high temperature, high
pressure values., The range of the mole fraction of propylene is

0.00091 ~ 0.00322.

An estimated ternary phase diagram may be prepared from
estimated binary diagrams and a ternary low temperature liquid-phase
diagram. Figure 19 is the ternary liquid-phase diagram, Figure 20
shows the estimated binary diagrams, and Figure 21 is the estimated
ternary diagram at reactor conditions. From this diagram it can be
assumed that a parabolic curve of the form Xp =& + bx + cx2 will
approximate the liquidus line.

It can be shown that X and Xys the mole fractions of alcohol
and water;, may be written as funetions of x, the mole fraction of aleohol
on the propylene~free basos. amd Xpy the mole fraction of proplylene.

X, = x(luxP) (1k)

il

sy = (Lex)(Lexg) (15)
Letting Xp = a+ bx+ cx? (16)
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X, = x(l-a-bx—cxz) = (l-a,)x-bxg--cx5 (17)
Xy = (1-x)(1-a~bx-cx®) = (1-a)+ (a=b=1)x+ (b=c)x+cx’ (18)

Now the rate equation may be expressed as a function of x,

a[1-C3H,0B] Ik [H'] { 1 }
at v k2V+k5[(l-a) + (a=b=1)x + (b-c)x2 + ex3]oy

{(a-ag)o@ow + (ag-a+b-2ab)a?awx + (Eab-bg-b-Qac+c)o@qwx2

2+2ac-2bc~c)a'Po¢'wx5 + (2bc-02)o?omxh+cgo@awx5

+ (b
N % [(1-8)x-bx"-cx” Jat, } (19)

where V = molal volume of liquid.

For an ideal solution,

vV = xAVA + xwvw + %V (20)

For small values of x, it is assumed that V and

1
kév+k5[(l—a) + (a-b-l)x-k(b-c)x2+cx5]aw

are constant.

The rate equation may be written,

+
a[1~-CzH~-CH k- ko[H
T L R R - B ) S
dt G
where,
2
A = (a-a )o?aw
B = (b-a-2ab+a )a?aw‘- = (1-a)
bV
C = (c-b-2ac+2ab-b2)abaw + B
2 cVo
D = (2ac-c-2be+b Joory + A

K
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APPENDIX C

SAMPTE CALCULATTIONS

Raw Data, Run 51

Product Samples Analysis (wt. %) Welght
Collected @ 10

minute intervals HQO IPA

G 86. 26 13, 7% 26.35 gnm,
H 86. 06 13.9%  30.09 gm.
I 85.98 1k, 02 26,47 gm,
J 85.98 1k, 02 28,29 g,
K 85.90 1,10

Average 86.01 13.99 27.80 gm,
Feed Sample Analysis 89. 90 10.10

Reactor Bed: 00,2745 eq. Dowex 50WX8, 32-42 mesh,
Average Temperature: 130,9°C

Gas Product Rate: '0,00248 ft.B/min.

Gas Product Temperature: T6.2°F

Liguid Product Temperature: 2k, 3° ¢

Calculations

The average rate 1s calculated by the approximation,
T (xfexi)
N

. 10,10/60.09 = .03259, mole fr. IPA in feed.

10.10/60.09 + 89.9/18.02

= 13.99/60.09 = ,04651, mole fr, TPA in product.
13.99/60.09 + 86.01/18.02
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. 27.80 (15.99/60.09 + 86.01/18.02) _ 150145 o noles/

10 100

minute, molal feed rate.

r = (0,13916)(0. 04651 ~ 0.05259) _ 7.057 x 107 gm-moles/eq. ~min.

0. 2745

This rate is the uncorrected reaction rate based upon the liguid~phase
measurements, A small amount of the product 1s carried away by the
propylene flashed off in the liquid separator and a correction is made
in the rate for this lost product. The composition of the vapor is
assumed to be propylene with water and isopropyl alecohol in equilibriim
with the liquid product.

Vapor pressure of IPA @ 24,3°C = 41, kmm Hg.

Vapor pressure of Hy0 @ 76,2°F = 23, lmm Hg.

Volume rate of prod. gas @ STP = 2,48 x 1072 x _ho2 x 1%
536.2 760

=222 x 107 ft. 3/min.

Volume rate of dry prod. gas @ STP = 2,22 x 10" x (1= %l
= 2,15 x 107 £t.° /min.

I

359

= 2,72 x 10=3 gm~moles/min,

Alcohol rate in prod. gas = 2.72 x 107 x bk x 0, 04651

720
= 7,28 x 10~0 gm«-vmol_es/min,
1
0. 2745
= 2,65 x 107 gm-mole/eq. -min,

Molal rate of dry prod. gas = 2,15 x 107 x

Alcohol rate/eq. inprod, gas = T.28 x 1076 x

Rete = (T7.057 + 0,027) x 107 = 7.084% x 10~ gm-mole/eq. ~min.
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The rate ls also corrected for temperature difference. This
data point was used for a correlation at 130°C, but the average measured
temperature was 130.9°C. The measured rate was multiplied by a correc-
tion factor £ = exp[(~E/R)(1/T, - 1/T)] where E is the experimental

apparent activation energy. For this runm,

f = exp[(-21,600/1.987)(1/403.1 - 1/40k.0)] = 0.942,
Rete = 7.08% x 1070 x 0.94%2 = 6.673 x 10~ gm-moles/eq-min.

The usual technique of graphicél differentiation was used to
differentiate the integral data to obtain point rates. The data were
differenced as shown in Tables XII - XV on pages 40 and 41, and the
differences plotted as shown in Figure 22, The smoothed curves were

drawn and point rates obtailned.
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APPENDIX D

EXPERIMENTAL PROCEDURE

An alcohol~water mixture of approximate composition was prepared
from Reagent Grade Isopropyl Alcohol and distilled water from the East
Engineering Bullding distilled water supply. Before each run this
mixture was charged into the water gaging cylinder (A), shown in Figure
1, page 5 and flushed through the pump. This mixture was pumped
through the reactor system for approximately an hour at a rate of
approximately 4 cc/minute.

Propylene was charged into its storage cylinder (F) by allowing
liquid propylene from an inverted cylinder to displace the mercury back
into the oil cylinder (E) and oll to a collecting vessel at atmospheric
pressure., Propylene pressure was increased from vapor pressure to reactor
pressure by pumping oil Into the displacement system with the valve in the
propylene feed line closed.

The preheater controller was s&t to the desired temperature,

All heaters were turned on and full voltage was applied to heater "O"
for quick heat-up. Reactor temperature was measured periodically, and
the voltage to heater "0" was reduced as the desired temperature was
approached., Heater currents had been predetermined and only minor
adjustments were necessary.

After the alcohol-water mixture had flowed for sufficient time,
the pump was adjusted to a feed rate calculated to yield a 2-5% change
in alcohol concentration. After the reactor reached operating tempers

ature and the propylene reached operating pressure, the propylene feed
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valve was opened and its feed rate was adjusted. The reactor was
allowed to come to equilibrium for a period in which at least one
free.reactor volume of liquid passed through it. During this time,
checks and adjustments were made to keep the temperature stable.

At the end of the equlilibration period the run was begun,
The temperatures of the feed systems, product streams, and the reactor
were measured and recorded, The liquld product recelver was emptied,
the wet test meter reading was recorded, and an electric timer was
started. Independently, the levels in the oll and water gaging
cylinders were recorded with the starting of a stopwatch.

Four liquid samples were collected at equal time intervals
after the start of the run (e.g. at 5, 10, 15, and 20 minutes after
time 0). The time interval was chosen to yield 20=4Oce liquid samples.
At the time of collection of the last sample, the wet test meterireadw
ing was again recorded.

Reactor temperature was read at 10 minute intervals during
the run. This was done by means of a traversing copper~constantan
thermocouple. The readings were taken at 2 1/2" intervals throughout
the reactor length. The reactor temperature was then calculated as a
time=length average for the run.

The liquid samples were weilghed and analyzed by a refractive

index technique described in Appendix E.



APPENDIX E

CHEMICAL ANALYSIS OF SAMPILES

Gas chromatograms of preliminary run samples showed
the presence of only isopropyl alcohol, di~isopropyl ether, and water,
An attempt to devise é quantitative analytical technique for this
system using gas chromatography was not suceessful.

Analysis of this system was devised by Brey.(T) The technique
used two of three physical properties (refractive index, demsity, and
Viscosity) of the mixture, depending upon the range of composition
encountered. BRrey measured all of these properties accurately for
standard mixtures throughout the entire spectrum of composition.

Since the product mixtures obtained from this study were
limited to O to 50% isopropyl alcohol and low concentrations of ether,

a modified refractive index technique was used with Brey's data. This

technique involves the measurement of the refractive index of the
sample, titration with di-isopropyl ether to saturation, and measure-
ment of the refractive index of the saturated sample. From the phase
dlagram on which the refractive index comtours have been plotted, the
composition of the sample may be determined. The 1sopropyl alcohol
concentration was determined with high accuracy on three standard
samples with this technique, and it was adopted for the chemical
analysis of the samples,

In the range where the isopropyl alcohol concentration
approaches 40~50% the accuracy of this technique is reduced because

the rate of change of refractive index with ether addition is small;

=67 -
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i.e., the refractive index of the saturated sample 1s not much
different from that of the sample itself although a large amount of
ether has been added. Only a small number of samples fell into this
range.,

Figure 23 gives an example of the use of this technique,
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APPENDIX F

ESTIMATE OF ERROR

Calibrations

The traversing thermocouple was calibrated against a standard
thermometer in the range of temperatures used. Pressure gauges used in
the system were calibrated with an Aminco Dead Weight Pressure Tester.

A1l temperatures and pressures used herein are the corrected values.

Measurements

The sources of error in the experimental results are due to
two groups of measurements: a.) the measurements used for the calcula-
tion of the rates, and b.) the measurements used for the correction of

the rates to the desired conditions.

An estimate of the error of each of these measurements yields

an estimate of error of the corrected rates.

Measurement Maximum Error FError
a. Product rate + 0.02 gn + 0.10%
Composition + 0.20 wt.% + 10%
Resin capacity + 0.01 meq/gm. (wet) + 0.43%
b. Gas rate + 0.0L £t.3 + 0.03%
Product temperatures + 0.5°F + 0.03%
Barometric pressure + 20mm Hg + 0.09%
Reactor temperature + 0.1°C + 1.00%

The best method would be to obtain an error estimate for each
run; however, one run was chosen which gives a maximum estimate. The
items of group (a) were used to calculate the rate. Preliminary calcu-
lation showed that maximum values of F and Ax and a minimum value of N
yielded a maximum error estimate.

Choosing Run 79, where

F = 0.322 gm-moles/min. + 0.000322 gm-moles/min.

Ax = 0.0135 + 0.00135
-70-



N = 0.2745 ea. + 0.00118 eq.
. an
Rate = 4§§ = 15.83 x 10 B.gmo.-moles/eq.e-mino
FAX 2 2 2
—-—n>+ (F6)° + (Axf)
P = probable error = N
N
Where, + n = error of N
+ 85 = error of Ax
+ f = error of F
it = = 2 =y 'F'l‘l'ia.
if15,85x10 2% 1.18x10 5)2 + (. 322x1,35x10 5)‘ +{1,35x10 2x5,22_>;10 )2
0. 2745
+\/ 18.93 x 1070+ k.35 x 107" -3
P == = + L.58 x 10 gm.-moles/eq,-min,

0. 2745 - 0. 2745

Group (b) measurements have an effect only on the correcfi@n of the
rate to correlation conditions,

The correction for the alcohol lost in the vapor may be written as
follows:

C = G- X~*A*B*D-x

N

where, G gas flow rate = 1.65 x lOuBft,B/min.-i.lu65 X lO""5

X = conversion term z.h,49gmﬁmoles/ft,3 (includes pressure
correction)

A = water correction term = 1 = Py = 0,9635 + 0,001

temperature correction term = 0.909 (correction to STP)

bd
I

.;0
D = approximstion of Henry's Lew Comstent = =& = 0.062% + 0.0016

x = mole fraction of alcohol in liquid product = 0,0135 + O,001355

2 2
P = probable error = XBV'\/ (Ang)2 + (GDxa)p + (GAdx)2 + (GADS)



-T2

+ 4,49X.909“J(1.359x10'8)2 + (1.39x10°9)2 + (3.143x107C)2 + (1.339x1077)2

d
]

+ 4. hox. 909 :L.926x10'llF =+ I, hox, 909x1. 39x10~1 = + 5.67x10" 1 gm-mol/

J
i

eq. =min,

An estimate of the maximum error due to temperature correction is
made by substltuting the expected temperature difference into the correction
factor calculation. The difference in correction factors multiplied by the

rate yilelds the probable error.

t = 140.9°C
1 1

f = exp[(-21,600/l.987)(415.1 - Hlu.o)] = 0.94k
1 1

f1 = exp[(-21,600/l.987)(ul5.l - 414.1)] = 0.950

+ 15,85 x 107 x (0.950 - 0.944) = 0.095 x 1072

J
I

The probable error due to all of the experimental readings is
due to the combination of the errors of the calculated rate plus the

errors of the corrections,

)2 )2 x 1072

total probable error = if\/(1-585 + (0.0006)2 + (0.095

]
n

d
I

+ 1.586 x 10=2 gm-moles/eq. -min,



APPENDIX G

HEAT OF REACTION

The heat of reaction is calewlated from the heats of formew

tion of the products and reactants at 25°C.

H0 (1) —— Hy + 1/2 0, + 68,3174 keal/mole
CBHg(g) — 3C + 3H, -~ 14,879 keal/mole
3C + b, + 1/2 0p— 1~CHOH (1) - Th.32  kecal/mole
05H6(g) + H0 (1)—= 1-C5H0H (1) -~ 10.88  keal/mole

The heat of reaction at 100°C is calculated by adding the heat required

to ralse the products and reactants from 25°C to 100°C.

AH = [AC 4T
D

The Cp data are not available for all of the compoundsj therefore, AH

for each compound will be evaluated by the best method available and the

sum of the AH's calculated.

l-

2,

Csiig(g)(25°C)  —= C3Hg(g)(100°C)
H,0 (1)(25°Cc) —= H,0 (1)(100°C)

1~CsH-OH (1)(25°¢C) —= 1~C H-OH (1)(100°C)

H*~H H¥-H ¢
M = (_E—-)l Tl.-(-ar—ﬁz T, (from generalized charts)

AE = (0.3)(537) = (2.4)(672) = 161-1612 = ~1451 Btu/lb-mole
AH = =~ 1451/1.8 = -806 cal/gm-mole

AH = Hy=H, (from steam tables)

AH = 45,02 - 180,07 = =135.05 Btu/lb

M = =135.05 x 18.02/1,8 = =1352 cal/gm-mole

_73_



~Th-

3. AH = Cp(ave) AT = 0,654x~75 = =49 cal/gm = ~49x60.09
AH = =29h2 cal/g-xngmole

H = AHP-AHI, = 2942 - (1352-1451) = 139 cal/gm-mole
Hp at 100°C = -10.88 + O, 14 = ~10.T74 keal/gm~-mole

At 100°C, Rate = 1 x 10™° gm.-moles/eq.-min,

The reactor contains = 0. 25 eq. of catalyst

Heat evolved by reaction = 1 x 10™x10.74 x 1075x0,25

= 2.69 cal/min,

= 2.69x60/860.57 = 0,187 watts
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APPENDTX H

CORREIATION COF DATA

The corrected data were grouped according to the reactor
conditions and a three-constant equation was fitted to each group of
data by the least~squares technique. The mean deviation of the data
from the correlations was caleculated and the data which deviated by
more than 2.5¢ were discarded and the correlation process repeated.

From Figure 16, the apparent activation energy is 21,600
cal/gm-mole. Each of the correlating constants, A through C, was
divided by exp (-21,600/RT) yielding a new set of constants, A'
through C!, which correspond to A through C of Equation (4). For
the data at 450 psig, these constants were then correlated as fumne-
tions 6f temperature in Figure 24, and the temperature functions sub=-

stituted into the rate equation

r = exp(..gl,.6oo/Rﬂ?){A’ + Bix + C'xz}q (21)
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1, Bi, and Ci were obtained by fitting the best least squares

curve with two or three constants through the points shown in Figure 2k,

A

t

2
ature and placing a straight line through the points as shown in

Aé, B,, and Cé were obtained assuming a linear relationship to temper-
Figure 25. The resultant rate equations are:
at 450 psig
r = exp(-21,600/RT) {(-37.9% + 0.668t - 0.0026t%) - 107
+ (2,059 - 0.06517t) - 100 + (1.952 + 0.00937t) - 10Mx%}
gm-moles/eq. -min.
at 1440 psig
r = exp(-21,600/RT) {(1.68 - 0.005t) *+ 10™° - (k.32 - 0.023%)
. 10k + (20.98 - 0.122%) - 10™%®} gm-moles/eq. -min,
Figure 26 shows the experimental rate vs. the rate calculated by
both general correlations. All the 98 runs used for obtaining the corre-

lations are plotted. There is no apparent trend away from the diagonal

indicating the validity of the rate expression.
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Figure 24.

Correlating Constants, 450 psig.




1.2x10°
L1x10°
1.0x10'°

o9oxi0®

12x 10"
L1 x10"
10 x10"
09x10"

czexui'

60x10"

5.0x10"

4.0x10"

3.0x10"

_79_

130 140

130 140

Figure 25.

130 140
t,°C

Correlating Constants, 1440 psig.
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A through G

NOMENCIATURE

constants

heat capacity, cal/gm~°C
activation energy, cal/gm-mole
molal feed rate, moles/min.
enthalpy, cal/gm-mole

chemical equilibrium constant
equivalents of resin in reactor
atmospheric pressure, mm Hg

gas constant

absolute temperature, °K

molal volume, liters/mole
constants

error of F

reaction rate constant

error of N

partial pressure, mm Hg
reaction rate, gm.-moles/eq.-min.
temperature, °C; time

mole fraction

phase distribution coefficlent

error of Ax

Subscripts
alcohol

propylene

-81-
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water

final
initial
products
reactants
surface
steady state

volumetric



14,

15.
16.
17.
18.
19.
20.

21,
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