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NOMENCILATURE

a8 8 constants

A, A constants

A area cmsg

b thermal conductivity, cal per (em.)(min,)(°C)

¢y S constants

CHP cumene hydroperoxide

Cj concentration of component j in the liquid phase, mol./cc.

ct concentration of CHP in the resin phase, mol. CHP/cc.

D diffusivity of CHP in the resin phase, cm.®/min.

E activation energy, cal./mol.

g mg. phenol/50 ml. soln.

NH heat of reaction, cal absorbed/mol. CHP decomposed

Hj enthalpy of component j, cal,/mol.

J any component

k experimental variable, gm. per (min,)(equiv. Hf),
defined, Equation 33,

kl rate constant, min,‘l, except sec;'l, Ps T

ko rate constant, cm.S per (mol. H3O+)(min.) and kg. per (mol. H30")
(sec.)

K chemical equilibrium constant

(L) large size resin (32-35 mesh)

(M) medium size resin (60~65 mesh)

m acid concentration, equiv. H%/cc. catalyst

dn differential quantity of equivalents in catalyst bed.

N total equivalents in reactor
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NOMENCIATURE (CONT'D)

n, n' order of reaction

q heat diffusion rate, cal. per (min.)(cm?)

Qj heat of combustion, kg. cal./mol. J

r particle radius, cm.

R reaction rate, mol, CHP decomposed per (min.)(cec.); gas constant,

cal. per (mol.)(°C)

S entropy, cal. per (mol,)(°C)
(s) small size resin (115-150 mesh)
T temperature, °C and °K
v sample volume, cc,
v! aliquot volume, cc.
\4 volume (general)
volume of titrating reagent, cc.
W feed flow rate, gm./min.,
W CHP diffusion rate, mol. CHP per (min.)(cm.®)
X radius within particle, cm,
oC constant, em,”t oC= (kl/D)%
A phase distribution coefficient for CHP, defined, Equation 29
o feed density, gm/cc.
e time
¢ resin efficiency factor, dimensionless, defined, Equation 25
Subseripts
a acetone
c cumene hydroperoxide

viii



NOMENCIATURE (CONT*D)

outlet or final state
inlet or initial state
any component,

phenol

particle surface

water
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INTRODUCTION

The commercial production of phenol is accomplished by several
competitive processes. One of these processes consists of the alkylation
of benzene to cumene (isopropyl benzene), oxidation of the cumene to
cumene hydroperoxide, and decomposition of the cumene hydroperoxide with
a catalyst (lO% sulfuric aeid) to phenol and acetone. The final reaction
of this sequence takes place in a two phase mixture (aqueous-organic).
Separation of the phenol and recovery of the acid from this mixture are
steps which contribute significantly to the cost of phenol production by
this method.

Ton exchange resins in acid form have been used successfully
as catalysts in laboratory studies of reactions such as hydrolysis and
esterification which are catalyzed by mineral acids. The use of an
acld resin as the catalyst for the decomposition reaction of the com-
mercial phenol process was therefore indicéted as a sultable subject for
study. Lower production costs may result from the use of a solid acid
which can be separated easily from the reaction mixture.

The primary reaction taking place when cumene hydroperoxide (CHP)

is decomposed by strong acld is

;s 0
C‘O‘O'H ot OH "
('?H3 solvent + CH3CCH3

(1)

CHP phenol acetone

The reaction is sufficlently exothermiec that this property must be con-

sidered in experimentation and correlstion.

-1~
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Cumene hydroperoxide can decompose to a number of products.
Strong acids give phenol and the associated product acetone in 90% yield,
while other catalysts and the thermal reaction give low phenol yields.
The use of an ion exchange resin which is a strong acid is thus indicated
as necessary in a study oriented toward the commercial process.

The catalyst used in this investigation was Dowex 50 in acid
form, a sulfonated, cross-linked, polystyrene resin available in a
number of particle size ranges, degrees of cross-linking, and color
grades. The sulfonic acid groups in this resin have the required strong
acid property. The use of an ion exchange resin as a successful catalyst
requires that the reactant and products can diffuse freely through the
resin to and away from the acid groups which exist uniformly throughout
the resin and also that the reaction environment does not destroy the
resin's catalytic activity. The resin absorbs liquids within its gel
structure, and the reaction takes place in this internal liquid phase.

The aim of this study was to determine if Dowex 50 is a suit-
able catalyst for the decomposition of cumene hydroperoxide to phenol
and to measure the rate of decomposition using acid Dowex 50 particles in
a tubular flow reactor under steady state conditions. The nate was de-
sired as a function of the parameters temperature, flow rate, feed
composition, and catalyst type (particle size and degree of cross-linking).
A rate expression applicable to the data was derived, and supplementary
work included measurement of the yield of phenol and observation of the

stability of the catalyst.



THEORY

The Decomposition Reaction

Organic peroxides can be induced to decompose by several
activating agents, heat, acids, and bases being common ones. Two mecha-
nisms of decomposition are postulated, one proceeding through free radi-
cals, the other through an ionic intermediate.

The route through which a given reactant will decompose is
determined by the activating agenty polarity of the mediﬁm, and the
symmetry and nature of the reactant structure. Symmetrical peroxides
have been found to decompose preferentially to free radicals, and the
preference for the free radical mechanism is lessened as the asymmetry
of the molecule increases.(l> An example of a symmetrical peroxide is
benzoyl peroxide (I), which decomposes to two identical free radicals,

almost regardless of solvent changes or acid catalysis:
0 0 0
Oc-o-o-cO > Oc-oo )
(1)

The effect of environment change is 1llustrated by the decom-
position of p-methoxy-p'-nitrobenzoyl peroxide (II). It decomposes to
equal quantities of p-nitrobenzoic acid (III) and anisic acid (IV) in
benzene but gives reduced amounts of anisic acid in acid or polar sol-

(2)

vents. The rearrangement of an ionic intermediate is suggested to
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account for the loss of anisic acid; the initial step in benzene is
assumed to be the separation into two free radicals, while in polar sol-

vents or with acid catalysts the suggested first step is separation into

ON‘@C 0-0 VC-@ocn

(11)

two ions:

enzene

n =) (+ u

C-0 0-C
. onlJ Do,
-C0y co,
OZN@ J%co@ 0 "
C-0
J 1 0, N@ ‘*’ @OCH
@CO,_H Uco,H
0N HLO 0
CO,H HO
(111) (V) OZND- + Oowﬁ o

(111)

The mechanism of decomposition of a given reactant can be
studied by its effect on polymerizable material and by isolation of the
reaction products. The chain-initiating potential of the free radicals
produced by the symmetrical cleavage of a peroxide has been well studied,
as has the ease of migration of a positive charge to a more stable posi-

tion on a carbon structure. The effect of conditions such as high acidity
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or polarity is to increase the stability of an ionic separation, allowing
the rearrangement from cation oxygen to carbonium ion to take place, and
thus to support the ionic mechanism.(3)
Hydroperoxides are among those materials which can decompose
by either mechanism, depending on the conditions. Cumene hydroperoxide
(CHP) is used as an initiator in the curing of GR-S rubbers, which is
described as proceeding through a free radical chain reaction; the heat
of vulcanization induces the decomposition of the CHP. (For convenience,
the symbol "CHP" will be used for "cumene hydroperoxide"). The effect
of metal salts on the rate of decomposition of CHP in styrene was studied
by Fordham and Williams,(u) who note that the insignificant extent of
polymerization suggests that the mechanism was ionic.

(5)

- Seubold and Vaughan postulated the following mechanism for

the decomposition of CHP by strong acids:

CHs CH, CH,
-C-00H + H' === $-c-00H] — ¢-CO" + KO
CH, /’( CH, CH, //
CHP / /
7/
v e (1)
/ CH3 'CHJ CH3
ot ’ ¥ 0 s
H'+ HOC-0-¢ «—— H0-C-0-¢ <~ ¢-0-¢
! z l |
CH:’ CH3 CH3
0

dOH +  CHCCH,

phenol acetone
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The appearance of water in the mechanism should be noted; water con-
centration was found to be an important varisble in determining the rate,
and it also appeared to affect the specificity of the reaction.

Seubold and Vaughan ran the reaction in acetic acid solution,
in which CHP is stable at room temperature, with p-toluene sulfonie
acid as the catalyst. The formation of the cationic oxygen intermediate
is the key to the rearrangement which gives the final products, phenol and
acetone. The greater ease of migration of the phenyl group as compared
to the methyl group gives the high yield of the reaction, although some

acetophenone resulting from methyl transfer is formed:

CHa ?Hs
prim Iy H, O - +
reac:ﬁ)rn ?"O‘¢ - 9"0 t HO¢ + H
acetone phenol

CH,
At

¢-9-o h (5)
CH,

cH3 CH3
dary
reaction $-C-0CH, %% 6.C=0 + HocH, + H'
aceto- methanol
phenone

They report that the reaction is first order with respect to both CHP
and hydronium ion. It was necessary to assume the order of the reaction
in the derivation of the equation for correlation in this study on the

basis of their work, so the range of their data is of interest. They
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measured rates in batch experiments at two levels of CHP concentration
(0.032-0,040 and 0.16-0.20 moles CHP/kg.) for each of three acid concen-
trations(0.0S, 0.10 and 0.20 moles H30+/kga). A first order constant kl

1

sec, - resulted for each pair of CHP concentrations at a given acid con-

centration, and a constant k, kg. per (moles H30+)(sec,), defined by

p 4
_ :Q_giefi_l = b, (HOYLCHP] (6)

where 12 [/'/307 - Aé,
was determined to be independent of aclid concentration.

Kharasch, Fono, and Nudenberg(6’7) studied the thermal- and
acid-catalyzed decomposition of CHP and reported phenol, acetophenone,
phenyl dimethyl carbinol, acetone, dicumyl peroxide, methane, methanol,
water, ethylene, and hydrogen peroxide as products, with specific cénditions
determining the mechanisms which led to the various products. The strong
acid-catalyzed reaction was quite specific, giving 90% yields of phenol
and acetone.

The decomposition reaction 1s exothermic. An estimate of the
heat of reaction AH is made from the heats of combustion of phenol, acetone,

and CHP in the following manner:

CHsCICH),00H (s) + 110, (9 —— 9CO, () + 64,00+ Qe

Qp + 3HO0 () + 6CO, (g) «—— CH,OH s + 70, (9
Q, + 3%H0OU) + 3C0, (3) «—— CH,COCH, 1) + 40, (3)

Adding these three equations gives

CHClCHs), 00H — = C,HsOH + CHCOCH + Qc = @p = Gy
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and AH = Qp + Qg - Qg+ The values of the heats of combustion of phenol
and aoetone(B) at 20°C are

QP = 732.2 kg. cal./gm. mol.

Qg = 426.8 kg. cal./gm. mol.
while the heat of combustion ovaHP is reported(9) as

Qe = 1219.6 kg. cal./gm. mol.
The heat of reaction calculated from these values is AH = -60.6
kg cal./gm. mol. The reliability of the estimate is only fair, since
it is calculated from the difference of large numbers, but it indicates
that the reaction is exothermic to such an extent that temperature con-
trol in the catalyst bed is an important factor in experimental technique
and temperature gradients may be important in interpreting the rate
processes within the system.

The reaction goes essentially to completion, a 10% CHP solution
having been decomposed in a high conversion run to 0.1% CHP. An order-of-
magnitude estimate of the equilibrium constant likewise indicates that
high conversion is possible; the equation

-RT InK = AOH - TAS (7)
is applied with the calculated value of AH and an estimate of AS made

as follows. Wenner<lo) reports these entropy values at 25°C:

compound S cal. per (mol.)(°C)
acetone (1) 47,9
phenol (s) 34,0

t-butylbenzene (1) 66.6
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By the group substitution method,(ll) using the entropy of t-butyl-
benzene as a basis, the entropy of CHP can be estimated to be between

= 58.4 cal. per (mol.)(°C) and Sy = 67.8 cal. per (mol.)(°C) where

c ch
I is ¢-(‘:-‘OH and II is ¢-(':'CH;'OH
CHs CHy |

Teking the non-conservative upper limit Suypp = 67.8 cal. per (mol.)(°C)
as the estimate, the entropy change of the reaction is calculated to be
positive:

AS = Sacetone + Sphenol ol SCI—IP = lll'hl Calt per (molu)(OC)

Thus from Equation (7)

_ =(60,000 + &)
dn K= —(148)(298)

5100

and

K> 10"

Actual operating conditions were far from equilibrium, so the rate of
the reverse reaction was assumed negligible in setting up a mathematical
model. On the basis of the wofk of Seubold and Vaughan the regction was
also assumed first order in both CHP and hydronium ion; the necessity of
the assumption is shown later. These two assumptions are expressed by

the equation

R= - J_EC“LJ 4, [H;0"]LCHF] (8)

where the rate is in moles CHP per (min.)(cm,3), the concentrations are

in moles per cm.3 and k2 has the units cm“3 per (min.)(mole HI30+)n
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The Nature of the Catalyst

Ion exchange resins are materials which have functional groups
capable of ilonizing attached to polymeric substances which are insoluble
in the medium with which exchange is to take place. ©Some naturally oc-
curring materials have the properties of ion exchange resins, but synthetic
resins containing only one type of functional group are usually more use-
ful because they are more specific in their action. Both acid and basic
exchange resins are made, the functional groups of the acid or cation ex-
change resins being carboxylic, sulfonic, and phenolic. The strength of
the different acid groups in the resin is comparable to the strergth of
that group on simple structures, as has been determined by Topp and
Pepper.(le) They ran titration curves on mono- and polyfunctional resins
which showed that ~SO3H resins are strong acids; —002H resins, weak acids;
and -OH (phenolic) resins, very weak acids. The polyfunctional resins
gave curves of intermediate forms indicating that the various groups func-
tion independently of each other. The method of titration provides a
simple and rapig method of determining the capacity of the resin, that
is, the equivalents of ionizing groups per unit weight.

Severél conditions must be met for the resins to be useful cata-
lysts: +the resin structure must be stable in the reaction environment;
the reactants and products must be able to diffuse through the resin to
and away from the acid groups; and no exchange with the reaction environ-
ment which might destroy the acid character of the funetional groups can

occur s
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The fact that a strong acid is required to catalyze the de-
composition of CHP to phenol and acetone dictates the use of an ion exchange
resin with sulfonic acid groups. Dowex 50, made by Dow Chemical Company,
is such a resin. It is made by polymerizing styrene with varying per-
centages of the cross-linking agent divinylbenzene, followed by sulfonation
with HyS0y, which introduces sulfonic acid groups on the aromatic rings.
The result 1s the gel structure indicated in Figure 1, page 12. The actual
structure is a three dimensional network of substituted methylene chains
connected by aromatic ring cross-links. The acid groups are thus spread
falrly uniformly through the resin structure. The gel structure results
in the resin being insoluble in organic liquids. Bauman and Eichhorn,<l3)
listing the fundamental properties of Dowex 50, give the capacity of the
oven-dry resin as 4.92 milliequivalents of acid per gram and the internal
concentration as 3.5 moles of acid per liter of resin. The resin is in the
form of spherical particles from 20 to 200 mesh in diameter. Besides size,
the most important variable for a sample of resin is the degree of cross-
linking, and it is important to note that, for a given degree of cross-
linking, properties such as capacity for exchange or swelling, when ex-
pressed on a weight basis, are independent of particle size, indicating the
uniformity of the resin structure.

The gel structure of the resin permits absorption of liquids into
the interior of the particles, with both absorption and desorption of small
molecules being rapid. Sundheim gg_gl.(lu> measured the weight of water
absorbed from air és a function of humidity and found a slight (lL 2%%

maximum) but reproducible hysteresis on an absorption-desorption cycle,



Figure 1.
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indicating that the distribution is not exactly an equilibrium state. The
liquid absorbed causes the particles to swell; the increase in volume is
only slightly smaller than the volume of the liquid absorbed, and the
particle in the swollen state is interpreted as having a continuous internal
liquid phase., Theories of swelling assume that, at equilibrium, osmotic
pressure and pressure from ion hydration are balanced by the stresses in
the polymer network.(lS)
The effect of increased cross-linking is to tighten the resin
network and therefore to reduce absorption and swelling. The degree of
cross-linking also affects the phase distribution coefficients (defined
and discussed below), the rates of exchange and diffusion, and the effec-
tive exchange capacity for large organic ions.(16) The latter indicates that
there is a limit to the size of molecule which can diffuse through the gel
structure. This has been noted by others: Richardson(l7) used ion ex-
change resins to separate inorganic ions from dye ions and found that the
guantity of dye absorbed depended on its size. Dye ions of 30 R diameter
were unable to penetrate the gel structure. For dye ions of 15 A diameter,
only 5% of the resin capacity was used and for dye ions of 10 R diameter,
o4%b of the resin capacity was used.

Hale et al.(l8)

performed experiments with resins of different
degrees of cross-linking and found that the rate of absorption of zntt
from acridine orange-ZnCl solution was lower using resin of 10% cross-

linking than the rates for resins of 5 and 15% cross-linking., The inter-

pretation given was that the 5% cross-linked network was loose enough to
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permit the dye to absorb freely with the zinc ion, while the 15% cross-
linked network was tight enough that only the zinc ion diffused in; for
the 10% cross-linked network the diffusion of the dye ions occurred, but
it was hindered by the network, and this interferred with the zinc ion
diffusion by blocking the network openings. This illustrates how the use
of an ion exchange resin as a catalyst is dependent on the ease with
which the reactants and products can diffuse through the network. For
reactions involving large molecules, selection of a low cross-linked

resin might give successful catalysis where more highly cross-linked resin
would not. Changing the degree of cross-linking may not affect the diffusion
rate of small molecules, since the resistance to diffusion is the internal
liquid phase, not the size of the network openings.

The property of absorbing some components from a multicomponent
mixture in preference to others results in concentration differences be-
tween the external liguid phase and the absorbed liquid phase within the
resin. This can be described by phase distribution coefficients, which are
defined as the ratios of the internal concentrations to the external con-
centrations. At first the phenomenon was considered as a molecular absorp-
tiom,process,(l9320921) although it was noted to be a volume rather than
a surface effect. Workers in ion exchange then came to consider it as a
phase equilibrium phenomenon, examples being the selective absorption of

(16)

water from HCl-water solution and the distribution of uncharged (non-
ionizing) organic molecules. Reichenberg and Wall(22) studied the effect
of cross-linking and found that the phase distribution coefficients changed

as the degree of cross-linking changed. Davies and Owen(23) found that 0.9
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mole fraction acetone (in water) outside 10% divinylbenzene resin gave
0.16 mole fraction acetone inside at equilibrium.

Phase distribution coefficients were not considered in much of
the work in which the resins were used as catalysts. Boyd gz_gla(gu)
derived equations for non-steady state reaction with film, diffusion, and
chemical control in which they included a distribution coefficient. They
assumed that it was independent of concentration and it cancelled out of
their final equations. For their work with trace absorbents the assumption
was valid, but later workers applied their equations in regions in which
they were not valid.(25) Smith and Amundsen(26> derived equations for con-
tinuous reaction systems, with no consideration of distribution coefficients;
their equations were also applied subsequently by other workers. A number
of people(27?28’29) compared reaction rates in the resin with rates in
homogeneous mineral acid solutions, defining an efficiency as the ratio
of the rate using the resin as catalyst to the rate in homogeneous solution.
Noting the decline of this efficiency with increasing chain length in the

(30)

hydrolysis of a homologous series of esters, Bernard and Hammett found
it necessary to correlate the rates of hydrolysis of the esters RG-OQCH3
with the entropy of the corresponding hydrocarbon RH, this being the only

(31)

property they found which gave correlation. Finally, Helfferich noted
that phase distribution effects would explain their results; he defined a
phase distribution coefficient, which he expected to be independent of

concentration, and suggested its inclusion in Smith and Amundsen's work.
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Saletan(Bg) and Barker(33) used phase distribution coefficients
in describing their studies, both of which were similar in nature to this
study. Both assumed that the phase distribution coefficients were inde-
pendent of composition and temperature. They measured them by immersing
oven dry resin in the pure liquid and observing the increase in the resin
volume due to the absorbed liguid. The moles of liquid absorbed and the
final volume of the resin phase gave them a resin phase concentration; the
density of the pure liquid gave them a liquid phase concentration; and the
ratio of resin phase concentration to liquid phase concentration gave them
a phase distribution coefficient, which was necessarily less than one. They
considered the resin structure as a part of the "homogeneous" resin phase.

A different concept is applied in the present study. The concen-
trations in the absorbed liguild within the resin phase are referred to the
volume of the absorbed ligquid only. Thus the phase distribution coeffi-
cient for a pure liquid would be unity. If the phase distribution coeffi-
cient as defined in this manner were not a function of composition, there
would be no difference in composition between the absorbed liquid and the
external liguid. The data of Davies and Owen(23) for the system acetone-
water show that there is a difference, with a strong preference for water
absdrption found. Conversion of their data to the basis used by Saletan
and Barker shows that their phase distribution coefficient is also a
function of composition.

The method of Davies and Owen is suitable only for measuring

phase distribution coefficients in a non-reacting system. In a reacting
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system, the reaction changes the components and thus negates a material
balance.

Derivation of the Mathematical Model

The rate of reaction as a function of the reaction environment
must be estimated from measurements of finite changes in composition over
finite time intervals. In a flow reactor, the rate of reaction R of a
component j is determined from steady-state values of initial and final
composition, Cji and ij;‘flow,rate, W: and reactor volume, V, or some
other measure of reacting space.

The value of R calculated from steady-state values of Cji} ij,

W, and V is an average value taken as an estimate of the rate at the average
value of parameters such as temperature, flow rate, composition, etc.,

which existed in the reactor at steady state. Theoretically, the reactor
could be operated so that the differences between input and output be-

come differential in size and an instantaneous or point rate measured. In
practice, experimental error in composition measurement requires operating
the reactor to obtain a finite difference between input and output com-
positions which is signifiicantly larger than the experimental error. Under
such conditions, the point rate usually wvaries through the bed; a mathematical
model of the processes occurring is used to relate the calculated (average)
rate to the average parameter values.

The equations for describing the rate process were derived on
the following interpretation of the steady state condition. The overall

process proceeds by diffusion of the cumene hydroperoxide from the liquid
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phase to the acid sites in the resin phase, where the reaction takes place,
followed by diffusion of the products back into the liquid phase., It is
assumed that the liquid flow rate can be made high enough that resistance
to diffusion in the liquid phase is negligible, i.e., no concentration
gradient for the reacting component exists in the liquid phasej that the
concentrations of CHP in the two phases at the surface can be related by
defining a phase distribution coefficient A which is a function of liquid
phase composition; that the reaction proceeds by a mechanism first order
in CHP concentration with the rate of the reverse reaction insignificant;
and that the resulting CHP gradient within the particle is a function of
radius only, with the catalyst particles being spherical.

Consider a spherical element of a catalyst particle (Figure 2y
page 19) at radius x and of thickness dx., With the direction of increasing
X considered positive, the areas of the inner and outer surfaces are desig-
nated as A and A + dA cm,,2 respectively; likewise the rates of CHP diffusion
are w and w + dw mol. CHP per (min.)(cm.g) and the rates of heat transfer
are q and q + dq cal. per (min.)(cm.®). Writing a material balance on the
CHP, the difference between the inlet and outlet diffusion rates must be
equal to the rate of decomposition by reaction within the element:

in (diffusion) - out(diffusion) = out (reaction)

or

wh - (w+dr A+ dA) = ReA da (9)
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q +dqg

w + dw

dx

A A+ dA

Figure 2. Spherical Element in Catalyst Particle.
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The subscript x on R indicates that R is a function of position x in
the particlej the units of the variables: w mol. CHP per (min.)(cm,e);
A cm,.2; R, mol. CHP decomposed per (min.)(ce.); and x em. All of the

variables are functions of x. Expressing the areas as functions of x gives:
A ' 2
ymwat = ym(w 4 dulat 422 42) = 4w R, At da (10)

Expanding, dividing by Lsdx, and neglecting the second order differential

gives

-2 nwr —457‘(%): Ry > (11)

In order to reduce Equation (ll) to a function of composition
and radius only, the forms for w and Ry as functionsof composition must
be assumed. The rate of diffusion w is expressed as a function of the

composition gradient by
/
A C
w=-D 3 (12)
D is the diffusivity of CHP, cm,g/mina The symbol C' stands specifically
for the concentration of CHP in the resin phase, mol. CHIP/cm.3 (External
phase concentrations are indicated by Cj, with the appropriate subscript

being used). D is assumed not to be a function of x. Differentiating (12)

with respect to x on this basis gives

(13)

M———
= ==D
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Expressing Ry as some functlon of C' is equivalent to assuming
the order of the reaction. It should be noted that it is not possible to
measure the order of the reaction with this catalyst. The reaction takes
place in the resin phase and the compositions in that phase cannot be
measured; the values of the phase distribution coefficient Ay defined as
the ratio of the resin-phase composition C' to the liguid-phase composition
Ces are therefore unknown, and the functional relationship between G and \
cannot be determined. The order of the reaction would normally be measured
by determining a constant cj independent of concentration C' by fitting
the data to an equation of the form

R = ¢, (C,)m
where n would be taken as the order of the reaction. Since C' 1s known
only by C' = AC,
)l'\

R = C, (ACC

But A is an unknown function of C, ; say A = £(Cs ), so that

R = o [#(c) C]™

and a pseudo-order n' would result from fitting the data to an equation of

the form !

An order of the reaction is thus assumed in the further derivation of the
mathematical model, and experimental deviations from this order are inter-

preted as variations in the phase-distribution coefficient, Since this
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catalyst gave the same high yield of phenol as the homogeneous reaction which
was determined to be first order in CHP and hydronium ion, it was assumed
that the reaction was proceeding by the same mechanism., = The assumption of
first order was expressed by Equation (8), page 9. The notation of the
equation is modified for use in the model derivation. The acid concentration
is assumed not to be a function of radius, that is, the catalyst particle

is uniform. The rate constant kl min.-l is therefore substituted for the
product k2[H30+]. The concentration of interest is that in the resin phase,
so C' mol. CHP/cm,3 is substituted for [CHP]. Finally, the rate at radius

x is indicated by Ry:
/
= ,/é' C (1)

Substituting Equations (12), (13), and (14%) into Equation (11) gives

.ctc:/ gtzt:, _ )
22 E) 72:;2 ‘f /76 E> GZ/Z:i- o— |A£a C: /ﬁf

which is rearranged to

/

nc“ec+24c-f(i-c~-—4%-'-ﬁrc =0 (15)
dx* dx D

Equation (15) gives the concentration of CHP within the particle as a

function of the radius with a single parameter, the.ratio of the chemical

reaction rate constant to the diffusivity of CHP in the resin phase.

Since the reaction being studied is exothermic, it is necessary

that the center of a catalyst particle be warmer than the surrounding
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liquid to provide a gradient for removing the heat of reaction. If the
magnitude were great enough, this increased temperature could have a
significant effect on the rate of reaction. Both kj and D are expected
to increase with temperature, so the ratio is not as sensitive to temper-
ature change as kl alone is. An energy balance is presented in Appendix B
showing that the temperature rise within the particle is expected to be
less than 1°C, and Equation (15) is solved on the basis that kl/D is
constant;

Let kl/D==O(2 em.”L Then Equation (15) is & generalized

Bessel equation with the solution:(Bh)
/ -3
C = (2 z[“. I, «A + a, T, (“”‘ﬂ (16)

where ay and a, are unknown constants. Equation (16) may be expressed

in hyperbolic functions:

/ | 2. .
C = R—V;&‘}:G.M (xA) + aLc/o@A«(OC%a (17)

The boundary conditions for determining the constants are

(1) ¢ = c', at x

il
-

il
(@}

(2) (ac'/ax) = 0 at x =

that is, the concentration of CHP at the particle surface in the resin
phase is designated by Cé and there is no concentration gradient at the

center of the particle.
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Differentiating Equation (17) with respect to x gives

&C, _ *’I‘i)/;%—;[q‘l 4441' A (o(,//t) + a, C?Z% (,(,X‘)]
L %
32_‘/-7}2:2— [a, omj () + QZW(%¢ﬂ
X

(18)

Using boundary condition (2) in Equation (18):
O = \/’f;—zz;([diw(°3 + O«zt/o-dj,(o):) + O

from vhich &, = 0, since sinh(0) = 0, cosh(0) = 1, a, = 0 is sub-

2
stituted into Equation (17) and boundary condition (1) applied:

___[//[ Lk (ocwj

from which

(=) (19)

and the concentration C' at the point x is the indicated function of

1
particle size r, surface concentration Cs,and the parameter ¢ = (kl/D)2 -1

The overall rate R for a particle is an integrated average of
the point rate Ry« Thus:
n
i | R e -
- 0 - 3 , 2
R = = —-—-ngch& (20)
"l

‘//37T/r3
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Combining Equation (14) (chemical rate equation) and Equation (19)

(concentration as a function of radius) gives

= b, ¢ Sgoamh (1) @)

which is the point rate as a function of radius x for a given surface

concentration Cd; this is substituted into Equation (20):

R= 5[ hC S a0

The variable of integration is changed too{x:

/ ol W~
3k, C Yo
R: %z”zﬁ}i&(d”) L(xac)m/\(ocac),@(om) (23)

This integrates to

_ I T oo coth (i) = aipnd () ]
= 3)@,(2,[ T aid () (2b)

The faorm of the equation is seen to be similar to the original

chemical rate Eguation (lﬁ), The terms involving particle size r are
taken to define a dimensionless efficiency factor ﬁ:

b= 3( KAL) ek (<)

(25)

which gives the rate for a particle as

R =4 ¢c M CHP drcompoud (26)

(rmin ) ce.)

The average rate remains first order in CJ with the addition of the

efficiency factor 0.
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The importance of ¢ depends on the magnitude of the product &r.
For a given particle size, as o(=»0, ¢—) 1, which means that diffusion
is rapid compared to the chemical rate (D is greater than kl and therefore
X = (kl/D)% is small), and the catalyst is being used effectively. As o€
increases (for fixed r), ¢-4D0, and the catalyst is not being used effec-
tively; the efficiency ¢ could be increased by using a smaller particle
size,

If the particle size is an important factor in determining the
rate, the process is sometimes spoken of as being diffusion controlled,
while if the rate is independent of particle size the phrase "chemically
controlled" is applied. This can lead to confusion, since these same
terms are used to distinguish processes of different activation energies,
low activation energies being ascribed to diffusion controlled processes
and high activation energles to chemically controlled processes. In the
present study, a dependence on particle size is combined with a high
activation energy, giving contradictory descriptions from the two classi-
fications. Both diffusion and the chemical rate combine to determine the
actual rate in this catalyst, and no attempt is made in this report to
proportion the control between the two processes.

In a packed bed flow reactor, a material balance on the reacting
component can be written around the element dn (See Figure 3) in terms of
input and output by flow and output by reaction:

e 7
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dn |- — — — ——-n+dn

Ccf

Figure 3. Differential Element of Catalyst in Reactor.
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The variables are W, flow rate, gm,/min,; Cn» concentration of CHP,

mol. CHP/cm.33 ps liguid density, gm,/cm.3; m, equivalents of acid per
cm.3 of catalyst; R, average reaction rate of particle, moles CHP per
(min.)(cm.3); and dn, equivalents of acid in the element. p and m are
considered constant through thé length of the reactor. Substituting for

R from Eguation (26) gives, with rearranging,

= 15l

G; can be related to C, by the definition of the phase distribution co-
efficient and the assumption that there is no concentration gradient in
the liquld phase (Ccs is the CHP concentration at the surface of the

liquid phase)s

/
Ce = ZCCS (29)
Ce= Co (30

These eguations are substituted successively into Equation (28):

- W 4 Ce
dn = 2436 C. (31)

This is integrated to give the relationship between flow rate W, bed
size 1n equivalents N, and initial and final concentrations of CHP C.y

and C.p:

_ W om Cr,t' o
N= 2618 <., )
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Rearranging, a variable k gms. per (min.) (equivalents H') is defined
which is calculated from a given set of steady state ﬁalues for N, W, Cu4,
and C,et
L= Avat  _w o, Cu (33)
o - N Cep

Variation in k with the parameters temperature, particlé size, and

composition are interpreted in terms of variation in kl, ¢, and A resﬁec—

tively, p and m being considered constants.



EQUIPMENT

The equipment was designed and constructed so that constant
values of flow rate, feed composition, and bed temperature could be
maintained to give a steady-state output composition. A diagrammatic
sketch of the equipment is given in Figure 4, page 31. The sequence of
units in the flow system was a feed tank, deakrator, Milton Roy simplex
pump, pressure gauge, alr bleed side stream with valve, and the reactor
unit, with auxilliary equipment of a constant temperature water tank
and circulating pump to provide temperature control. The feed pump and
connecting tubing to the top of the reactor were type 304 stalnless steelj;
the remainder of the system including the reactor was glass, 7 and 12 mm
tubing, with polyethylene joints connecting the units. A corrosion-
resistent system was desirable for two reasons. .Since the catalyst was a
strong acid, contact with non-resistant metals would have resulted in
both corrosion of the equipment and catalyst deactivation., Likevise,
ions from corrosion in any part of the system could exchange with the
catalyst and thus deactivate it.

The feed tank, a 1000 cc graduated cylinder, was elevated to
provide a positive pressure through the deaerator to the suction side of
the pump. The line leaving the feed tank was constricted sufficiently to
hold an air bubble in the line. The air bubble prevented the material
in the line from rising into the feed tank and thus changing the composition

of the feed. The deaerator consisted of a 10-inch bed of 60-mesh glass

-30-
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Figure 4. Diagrammatic Sketch of Equipment.
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Figure 5. Cutaway View of Reactor Unit.
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beads supported on glass wool in a Jjacketed section of 12 mm tubing. The
feed passed upward through the glass beads, being heated by water circu-
lated from the constant temperature tank, with dissolved alr coming out as
a result of the heating. Collected air was bled intermittently from the
top of the deaerator while the feed passed by a side arm down to the pump.
Deaeration was necessary to prevent air bubbles from forming in the
catalyst bed during a run and thus changing the flow pattern.

The reactor unit, constructed of 12 mm tubing with a jacket of
18 mm tubing, consisted of a preheater and the catalyst bed operated in
sequence in downflow (Figure 5, page 32). The preheater was a 1l0-inch
section of 60-mesh glass beads held in place with glass wool plugs. The
catalyst particles were supported on a glass wool plug in the annulus be-
tween the 12 mm tubing and a 5 mm tubing thermocouple well inserted from
the lower end of the reactor. The upper end of the catalyst bed was not
restricted by glass wool; expansion and contraction of the bed occurred
with changes in environment, and some free space was left above the bed
to permit it to remain in a loosely settled form. The thermocouple well
was open at the lower end to permit measurement of longtitudinal temper-
ature distribution in the bed during operation with a sliding thermocouple.
A pinchcock on the outlet from the reactor unit was used to keep the
pressure in the bed high enough that no air bubbles could form.

Water from the constant temperature tank was circulated through
the Jjacket of the reactor unit to control the bed temperature at the de-

sired level. A continuous record of the thermocouple readings in the bed
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or the tank could be made on a Micromax recorder-indicator to observe non-
steady state operation. Actual measurements of the two thermocouple volt-
ages were made with a Leeds and Northrup potentiometer. A single thermo-
couple was used for both locations, and its calibration was checked occa-
slonally in the constant temperature tank against a calibrated thermometer,
An open steam line and a 500 watt Calrod heater connected by relay to a
Fenwal Thermoswitch maintained the temperature in the tank and provided
control to ¥ 0.25°C.

The flow rate was adjusted by varying the stroke length on the
Milton Roy pump. Being a single piston pump, it introduced the feed in
pulses; at the flow rates of interest (less than 7% ce per minute), the
resistance of the preheater and the expansion of the system between the
pump and the preheater flattened the pressure pulse so that essentially
smooth flow was observed to exist after the preheater, the system being
tested with no catalyst charge in place. A given setting of the pump stroke
delivered feed with a variation in average rate (timed over one minute
intervals) of about 1%. The flow rate was measured by timing the collec-
tion of a known volume of the total output and converting this to a
weight rate with a density measurement.

To insert a new catalyst charge the reactor unit was removed
from the system. The old catalyst was washed dut the bottom, the thermo-
couple well reinserted with a fresh glass wool plug at the upstream end,
and the reactor unit filled with acetone containing 8-10% water. This

ensured that the catalyst settled in an expanded or swollen state while



-35-

providing a convenient technique for assuring complete transfer., The
catalyst then was added, followed by a glass wool plug, with 2-3 inches
of free space left for expansion. The opehing was stoppered and the reactor
unit replaced in the flow system. For measurement of the experimental
variable k at high reaction rates (k greater than 25 grams per (minute)
(equivalents H') at 10% CHP), the catalyst was diluted with 60-mesh glass
beads to reduce the heat released per unit length and thus keep the
temperature rise of the bed from the exothermic reaction at a negligible
value, The total acidity of the catalyst charge was calculated from the
weight of resin added and its specific capacity. The latter was measured
for each sample of resin by titration of a weighed sample in NaCl-satu-
rated water with standard NaOH., The salt exchanged with the acid groups,
converting them to salt form and freeing the acid for titration. The
capacity of the resin was calculated from the volume of NaOH used, its
normality, and the weight of the resin sample, and was expressed as
milliequivalents of acid per gram of catalyst.

Most of the air in the reactor unit was bled out the relief
valve by feeding acetone backwards through the system with alr pressure.
The air remaining in the bed and preheater after this was dissolved by

the feed stream as part of the start-up procedure of the next run.



MATERTALS

The Dowex 50 supplied by Dow Chemical Company for use as cata-
lyst is a sulfonated polystyrene resin cross-linked with divinylbenzene,
Sulfonation introduces sulfonic acid groups in the para position of the
aromatic rings which give reactions indicating that they function as
strong acids. The cross-linking agent gives a gel which is insoluble in
solvents which dissolve polystyrene,

The following samples were received:

Dowex 50 X 8 (8% divinylbenzene)

20-50 mesh
50~100 mesh
100-200 mesh
Dowex 50 X 4 (4% divinylbenzene)
50-100 mesh
Dowex S50W X 8
20-50 mesh

The latter differs from the others in being lighter in color
and mechanically stronger. All but one sample was received in hydrogen
formy; this one was converted from sodium to hydrogen form by washing with
hydrochloric acid until the acid showed no sodium in a flame test, then
washing with distilled water until the wash was neuﬁral‘ All samples
were dried to equilibrium at TO°F and 50% relative humidity and size
ranges of 32-35, 60-65, and 115-150 mesh were screened from the appropriate

sample with standard sieves. These size ranges have average diameters in

-36-
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the ratio of 4:2:1, respectively, and are subsequently designated as large,
medium, or small, or (L), (M), or (8). The resin has the property of swell-
ing or shrinking in response to changes in external enviromment; for example,
the air-dry resin expands by a factor of 1.57 in volume when submerged in
acetone, This property must be taken into account in comparing one experi-
mental condition to another when particle radius is important.

The particles of all samples were spherical except for the
50 X 8 32-35 mesh sample; breakage had resulted in half-spheres and smaller
segments. These were removed by rolling the resin down an inclined plane,
but examination of the spheres collected showed some with cracks which sub-
sequently produced further breakage. The 50W X 8 32-35 mesh sample did not
have this defect.

The cumene hydroperoxide used was supplied by Hercules Powder
Company as a 70% (wt.) solution in cumene. It contained varying quantities
of water up to l%%a It is relatively stable at room temperature for ex-
tended periods, no change in 2 months at 122°F being reported;(35) at 194°F,
the percent CHP dropped from 70.5% to 69.5% in two days. The thermal de-
composition is autocatalytic, the sample being tested at 194°F dropping
to 2,9% in 8 days. Evidence of decomposition was observed after 5 months
with the last of a 5 gallon batch kept at room temperature in that an
exothermic reaction and a pink color developed on mixing the feeds for L
runs; normally, they were water-white and no heat effects were observed.
The peroxide content of the stock had not dropped appreciably, however, and

no abnormal behavior occurred during the 4 runs.
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Technical grade acetone was used as the solvent for the quan-
titative work. Oome initial work using cumene as solvent was done which

showed it to be unsuitable for this reaction and catalyst system.



EXPERIMENTAL PROCEDURE

An experimental run was begun by bringing the water tank to the
desired temperature, setting the stroke length on the feed pump, and
mixing sufficient feed of the desired composition. A sample calculation
of feed preparation and experimental measurements is given in Appendix C.
The feeds were prepared by mixing;.the calculated quantities of water,
acetone, and CHP stock (70% CHP in cumene) in a single container and
shaking vigorously to give a homogeneous solution.

Water circulation through the deaerator jacket was begun and the
feed pump started. When the liquid level in the feed line fell below the
constriction, the feed tank was filled and then stoppered, except for a
small vent, to prevent évaporation. Checks on the CHP concentration of
the feed in the full and almost empty feed tank showed no change in com-
position during the time of a run. The pinchcock on the reactor outlet was
set to give 5-8 psi on the pressure gauge. After any air bubbles in the
reactor had dissolved the water circulation to the reactor jacket was be-
gun. A sample of about 300 cc of feed was required to flush out the
system once, after which any adjustment necessary in the water tank tem-
perature to give the desired bed temperature was made.

The exothermic nature of the reaction raised the temperature of
the particles and the liquid asbove the jacket temperature. Evidence is
presented subsequently to show that the rise within the particle as re-
ferred to the particle surface temperature does not affect the reaction

rate. The bulk temperature of the bed, however, does rise measurébly

-39~
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above the jacket temperature, due to the reduced surface area per reaction
volume and the use of glass as the material of construction, and this rise
can affect the rate of reaction. The use of glass beads to dilute the
catalyst bed, as mentioned in the section on equipment, helps control this
temperature rise by reducing the heat generated per unit length of the
reactor., The Jjacket temperature was adjusted to bring the bed ‘temperature,
as indicated by the axial thermocouple, to within 0.5°C of the desired
temperature. For most of the runs the bed temperature was no more than
1°C above the jacket temperature; a uniform axial temperature after about
the first half inch of the bed resulted under such conditions, and this was
taken as the reaction temperature. For a few runs the reaction rate was
high enough to be auto-accelerating, and the temperature rose continuously
along the bed until the rate fell due to the drop in CHP concentration.

The approach to steady state was observed by titrating the pro-
duct for CHP content at 30-45 minute intervals. Product samples were
taken by collecting the total output of the System for a short period.

To prevent loss by evaporation, the sample bottles were corked and cooled
in an ice bath during collection. The flow rate was measured during steady
state by collecting a measured volume of the total output for 1*0-1.5
minutes., The variation in the measured rate was observed to be less than
1,0%, Feed samples were also taken during the run; both feed and steady
state product samples were analyzed immediately for CHP and then stored at
O°F for further analysis. The run was finished by flushing the system

with acetone,
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The length of the non-steady state period appeared to be due
to the flushing required. Redistribution of water between phases, as
indicated by changes in bed volume, was slower than chemical rate equilib-
rium, as indicated by the development of a steady temperature gradient
between the bed and the Jacket, but both were more rapid than the observed
steady stgte in the product. A period of l% to 4 hours was required to

reach steady statej the higher the flow rate, the shorter the time reguired.

Analytical Methods

The analytical method for determining the concentration of CHPE

in a sample was essentially that of Kokatnur and Jélling(36) and Siggia.(37)
A sample of known volume containing 0.070-0.075 grams of CHP (about 1 cc
for 10% (wt.) CHP)was transferred from the sample bottle at 0°C to a re-
fluxing flask with a syringe, care being taken to cool the syringe by flush-
ing several times with the cold sample; Acetone interferes with the analy-
sisy it was removed by evaporating it with an air stream. No CHP was lost
using this technique; identical samples, warmed at 25°C and 35°C for both
8 and 15 minutes while being dried with air, gave the same analysis for
CHP. 25 milliliters of isopropyl alecohol, l% ce glacial acetic acid, and l%
cce of saturated aqueous potassium iodide were added to the flask; the
solution was brought to boiling, refluxed for 3 minutes, and titrated hot
with standard l/lO N. sodium thiosulfate to the disappearance of the free
iodine produced from the CHP-iodide reaction. The reactions involved are

CHP » [07 + reccdue

Lol + 2HY 4+ 21" I, + Ho

Lo (wtd) + 2 Nay$;05——+ 2 WaT (coberhan) +He,5,0;
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2 moles of sodium thiosulfate are equivalent to 1 mole of CHP. The con~

centration of CHP (C,), moles CHP/cm.3, is calculated from

. (V ml. x 0.1000 N) m. eq. NayS,0, X 1 mole CHP

c N
v cc (sample volume) 2000 milliequivalents N328203

Direct weighing of the sample to be titrated was a less accurate method
due to evaporation of the acetone., The accuracy of the method was checked
only by analyzing the stock solution and diluted samples of it., The
analyses were consistent with the calculated concentrations. The precision
of the method was good, duplicate analyses on a given sample agreeing with-
in a range of 6 parts per thousand. The ratio of input to output concen-
tration was the number of interest, so errors in the accuracy of the two
analyses would be expected to cancel out. Because the ratio was close to
one for most runs, the error in the term In (Cci/ccf) due to the random
variation in measuring the concentration was estimated to be about L4%.

The phenol analysis was a colorimetric method developed by
Lykken gE_gl.(38) The phenol was extracted from the sample by dissolving~
the latter in 50 cc of cumene and shaking the solution with 10 cc KOH
(10%), 5 cc KOH (10%), and 5 cc water for 5, 5, and 2 minutes respectively.
Extraction from the CHP was necessary to prevent additional phenol from
being formed in subsequent treatment. The aqueous layers were removed
from the bottles with syringes, combined in a 100 ml. volumetric flask,
and diluted to the mark with glacial acetic acid while cooling in an ice

bath. A 1-5 cc aliquot of this solution was transferred to a 50 ml.
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volumetric flasks. The size of the original sample and the size of the
aliquot were controlled to give a final amount of phenol in the range

0.1-0.4 mge« as follows:

wt.% phenol sample aliquot
expected size, cc ce
0.5 1.0 5.0
1.0 1.0 3.0
2.0 0.5 340
4,0 0.5 1.0
8.0 0.5 1.0
10.0 0.3 1.0

The volume of liquid in the 50 ml. flask was made up to 5 cc
if necessary with a buffer solution of 15 cc 10% KOH, 5 cc water, and 80
cc glacial acetic acid, and the phenol was converted to p-nitrosophenol by
the addition of 2 drops saturated aqueous sodium nitrite and 6 drops con-
centrated sulfuric acid. The reaction was given 40 minutes at room tempera-
ture and the color was developed by slowly adding a solution of isopropyl
alcohol-concentrated ammonium hydroxide-water (4.,5-3,0-2.5) while cooling

in an ice bath. The reactions as suggested by Lykken are

OH
+ HONC ﬁi@—@’—* @N‘G + H,C

OH _NH,OH _
ON-[j * LON" OJ + H

The complex has a characteristic yellow color.




e

The volume was brought to 50 ml, at room temperature with the
emmonia solution and the flask allowed to stand overnight. The % trans-
mission as compared to the IPA-NH)OH-H>O solution was measured with a
Beckman Model DU Spectrophotometer at 420 microns and a slit width of 0.1
mm, The weight of phenol per 56 ml., of solution was determined from a
calibration curve of % transmission versus g mg. phenol per 50 ml. of
solution prepared using the above technique and samples of known phenol
content. The concentration of phenol Cp, moles phenol/cm.3, in the
original sample was calculated from

_ g mg. phenol 100 cc. 1 mol. 1
P~ 1000 mg./gm. X ¥7cc aliquot * 9%.1 gm, phenol * v cc sample

C

The water analysis used was the modified Karl Fisher technique
of Peters and Jungnickel,(39) developed to pre#ent acetone interference,
plus corrections from Mitchell and Smith(uo) to‘preVent CHP interférernce,
.The procedure consists of titrating a solution of the unknown in an
alcoholic solvent with a reagent containing sulfur dioxide and iodine. The
reagent was prepared from 450 ml. pyridine, 450 ml. methyl Cellosolve, 133
grams iodine, and 70 ml., liquid SOE, and stored in an enclosed automatic
burette. The reagent degenerates, so it must be standardized daily by
titrating a standard HpoO-solvent mixture before use. The solvent is L:1
ethylene glycol-methyl Cellosolve. The unknown (1 cec for 4-8% (wt.)
water) was dissolved in 25 cc of the solvent in a 100 ml, volumetric flask.
If a largerquantity of CHP was present, it was neutralized with a solution of

S0, in pyridine, For 10% (wt.) CHP or less, the excess SO, in the reagent



-45-

provided neutralization without producing undesirable side effects., The

unknown in solution was cooled in an ice bath and titrated to the character-

istic red-orange end point of free iodine. The basic reaction is:
CsHsN-I, + CsHsN:SO, + CsHsN +H,0 —=

_H 50, ROH . N

2C5H5N\I + CsHsté EALALIG C"Hé'N‘sot,R

The complete chemistry of the reagent is complex and still in doubt. The

visual end point in the volumetric flask was used in preference to an

electrometric endpoint because of interference from moisture in the air

with the latter. Measurement to O.l% water was sufficient for the pur-

poses of this study, so that high precision was not required, The volume

of reagent required by the unknown and solvent was corrected by that re-

quired by the solvent alone and the concentration of water C., mol. water/cm.%

calculated from

_ V cc. reagent

mg. water ) 1 mole water
W T v cc. sample

cce reagent’” 18,000 mg. water

x titer of reagent (

C



EXPERIMENTAL RESUITS

The experimental data and calculations are reviewed in this
section and tabulated in Appendix A, The section following contains a
more complete discussion of the effects encountered. The levels of vari-
sbles studied were: flow rate 0,84 to 5.9 grams/minute (1.4 to 10.0 gm.
per (min.)(cm.2)); temperature 30, 40, and 50°C; water content 0.4 to
8.4 wt. % (0.2 x 1073 to 4.2 x 10™3 moles water/cm.3); CHP content 10,

20, and 30 wt. % (5.5 x 10~%, 11 x 10~%, and 17 x 10°* moles CHP/cm.3);
and particle size 32-35 (large), 60-65 (mediﬁm), and 115-150 (small) mesh.
The solvent for all work was acetone (50-80 wt. %) except as specifically
noted in the section on the use of cumene as solvent,

These ranges were found adequate to demonstrate the effects of
each variable on the reaction rate. For one run, nominally at room temper-
ature, the high reaction rate resulted in a bed temperature of T0-75°C.
The liquid within the bed boiled and the catalyst darkened noticeably
under these conditions, indicating the difficulty in operating at high
reaction rates and higher temperatures.

Since an integrated correlation approach was used, it was de-
sirable to measure point rates as nearly as possible, that is, to keep the
conversion as low as possible consistent with a reasonable accuracy of
measurement, The precision of the CHP analysis was good enough to permit
an accurate (¥ 3%) determination of the experimental variable k (defined
Eéuation (33) page 29) at conversions of 10%; most runs were made in the

range of 10-20% conversion.

-46-
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Effect of Flow Rate

An increase in the linear velocity of the fluid past the cata-
lyst particles is expected to decrease the mass transfer resistance be-
tween the bulk of the liquid and the liquid-solid interface. The trans-
fer of CHP into the particles will result in a concentration gradient, but
if the flow rate 1s high enough the difference between the bulk concen-
tration and the surface concentration should be negligible.

Theoretically, the effect is most easily studied at a maximum
reaction ratey since this would result in the highest concentration gradient
across the ligquid filmj an increase in flow rate under these conditions
would have a more significant effect on the surface concentration of CHP
and therefore on the rate. Ixperimentally, the high heat release associ-
ated with the high reaction rate interferred with precise measurements.
For the run the catalyst bed was divided into five parts, four 1/4 inch
long, one 5/8 inch long, separated by glass beads and glass wool. This
permitted the reciprocal space velocity N/W (and thus the conversion) to
be held approximately constant by removing a section each time the flow
rate was lowered, thus assuring that only the effect of flow rate and not
the method of rate estimation was being tested.

The data for the run are listed in Table T. The small Dowex
50 X 8 resin was used, at (nominal) 50°C, 2% water, and 10% CHP, with a
difference from inlet to outlet of about 1.5% CHP. The temperature rose
to a maximum of 51.2°C in the large (fifth) bed section at W = 4,66 gm,/
min., giving a high k, since dk/dT is approximately 12 gm. per(min)(equiv.

H")(°C) for this reaction rate. For the other flow rates, the shorter bed
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TABIE I

Effect of Flow Rate on the k Value at a High Reaction Rate.

Data of Run 30: 50°C (nominal), 2% water, 10% CHP, 3,3% cumene, and.
8L.7% acetone.

W Flow Rate N (equiv, Hf)(min,) Coi k gram
gm,/min, W gram n 5;; (min. )(equiv.H")

4 .66 .001342 176 131.1

3.12 .001204 146 121.1

2.06 .001368 « 17k 126,9

1.52 001242 2162 130.2

lengths permitted better cooling, and the temperature indicated by the
axial thermocouple held at 50.5°C., Due to the short bed lengths and the
resultant end effects, the temperature indicated was probably below the
actual reaction temperature, As the flow rate was decreased, greater
quantities of heat were released per unit length, giving a gradual rise
in average reaction temperature and ks Any flow effect is thus masked by
the temperature effect, which shows a variation of t 3%.

Data were taken at a lower reaction rate to eliminate the effect
of temperature rise (Table II). The bed size was constant for the series,
80 an increase in conversion resulted as the flow rate was reduced, The
k's are thus measured ét different average CHP concentrations but at a con-
stant water content., As is discussed later, this results in a variation
in k; at a given water content, the higher the CHP content, the lower the
k value measured., This can be seen by referring to Figure 10, page 59.

The four values of k from Table II are plotted in this figure at Cy = 3.0 x
10™3 moles.water/cm.g. The decrease in k from 9.40 to 8,76 gm. per (min,)

(equiv. H) can be accounted for by the increase in Co (1n mean) fTom
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TABLE IT

Effeet of Flow Rate on the k Value a%fé Tow Eeaction Rate,

Data of Run 12t 50.2°C, 6.3% water, 20% CHP, 6.6% cuméne, and 67.1%

acetones
W Flow Rate 10%¢ (1n mean) k gram
. c T T
gm. /min, 3 (min.) (egquiv.H")
moles CHP/cms

1.21 10,6 9.40
2.53 11.2 9.20
337 11.5 9.10
5484 11.6 8,76

10.6 x lO"'LL to 11.6 x lO"LL mol. GHE/cm¢3 and therefore no effect of k was

found in changing W by a factor of about 5:1. Runs 15 and 17 at 10% CHP
gave pairs of k values at two flow rates which when corrected for the effect
of change in C, (1n mean ) had a drop of about 4% from the higher to the
lower flow rates, Wpinimm Peing 0.84% and 1.76 gm./min. It was decided to
set Wpin, at 2.0 gm./min. for subsequent investigation and to assume neg-
ligible mass transfer resistance above this value, i.e., Equation (30),

page 28, holds.

Precislon and Reproducibility of k Value Measurements

Estimates of the precision which can be attributed to the
numbers from which k is calculated (N; Wy Cays and Ccf),were made on the
basis of experimental duplication. The flow rate W was measured by col-

lecting a measured volume of feed over a 1.25-1.50 minute interval,
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Periodic measurements during a given run gave flow rates within one part
per hundred precision, which is consistent with errors of 0.02 cc. and
0.01 min, in the volume and time measurements.

The value of N was calculated from the weight of resin charged
and the capacity of a sample ffom the same bottle., The latter was de-
termined by titration with standerd base. The precision of the titration
was measured as 3 parts per 400 for triplicate samples. The 1-2 gram
samples of resin were weighed to 0,1 mg. The error in N was thus estimated
at less than 1%.

The values of C,; and C,¢ from duplicate samples agreed within
a range of 6 parts per 1000, On this basis the value of 1n (Qci/ccf),
which was small because Cci/ccf was close to one, was estimated to have
an error of 4%, The error in k was therefore estimated to be about 5%; from
the combination of these errors. The experimental reproducibility of the
k values was somewhat better than this, about 2—3%, The difference is prob-
ably due to the error estimate for the log term being too high. Teking
duplicate samples and using the same technique for measuring both Coi and
Cor glves a better value for the ratio due to cancellation of errors than
the precision in a single measurement of C, would indicate.

Table III gives pairs of k values from repeated runs at three
reaction rates. The values vary by 2% from each other., Runs 13 and 24
were made with a single catalyst charge at the beginning and end of its
use, while 39-40 and 59-60 are runs with the same feeds and two different

catalyst charges.
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TABLE ITI
Reproducibility of K values.
Run  Temp. 103(3W Flow Rate W N equiv.H'  k gram
o moles water gm. /min, in reactor (min.)(equiv.H")
cm. 3

13 ho,7 3.0 1l.72 »0300 11.3
2L 50.5 3.0 1.95 0300 11.2
39 k0.5 0Tk 2,08 0052k 52,5
59  L0.5 0.7 2.09 .00L65 51.2
Lo 50.5 0,74 3.49 .00524 130.0
60 50.5 0.7k 3.34 00465 127.1

Effedt of Water Concentration

After much trial and error the water concentration was found to
be an important variable in determining the rate. Acetone was chosen as
the solvent for the reaction in place of cumene, in which initial work was
done, because the system CHP-acetone-water is one phase at the concentrations
of interest while CHP-cumene-water is two phases. Also a medium in which
the phase distribution of water would reach steady state rapidly was de-
sired; because of the low solubility of water in cumene, steady state was
approached very slowly when the water content of the resin phase was above
the equilibrium value of a feed made with cumene. Acetone proved satis-
factory from this aspect.

Figure 6 shows the relation between the experimental variable
k and Cy, the concentration of water in the feed, at 30 and 50°C; these
data were obtained with the large 8% cross-linked resin at 10% CHP.

Figure 7 gives similar curves obtained with the medium 8% cross-linked resin,



(Equivalents HY)

gram

k (Min.)

-52-

200

\ ©O| 60°C

100

\
O 52 °C
\\
1 50°C
0
2.0 3.0 4.0

3 Moles Water
10 Cy py

Effect of Water Content on k; 32-35 mesh Dowex 50 X 8,
10% CHP.



100
80
5
- s
8
c
o \
els ©°
ElS
€
=
X 40
\\\\\ S
20 \ o) =9 °c
[-)
C\)\
— O
0 ——
o] 1.0 2.0
Moles Water
103 ¢ L
w cm®

Figure 7. Effect of Water Content on k; 60-65 mesh Dowex 50 X 8,
10% CHP.



-5k~

again at 10% CHP but at three temperatures. In Figure 6, the location of
the 50°C curve at the lower values of Cw(dotted section) has been estimated
with respect to the 30°C curve from the points obtained at temperatures
slightly above 50°C and from the temperature effects measured with the
other particle sizes. The catalyst bed was not diluted with glass beads
for these runs, so uniform temperatures (and the desired level) were not

maintained at the higher rates of reaction.

Effect of Particle Size and Resin Grade

A series of runs was made using a given batch of feed at a
given temperature for all three particle sizes of Dowex 50 X 8 resin.

k values for the small size particles were 1.5 times the k values from
the medium size particles, while the k values from the medium and large
size particles Were-within lO% of each other., The small-medium pairs
would indicate that size is important, while the medium-large pairs in-
dicate that the particle size is not important.

The contradiction was resolved by the observation that the
mechanical stability of the 32-35 mesh (large) Dowex 50 X 8 was poor.
Cracks in the resin spheres of this size were observable under a micro-
scope before the catalyst had been used, and the stresses incurred by
solvent absorption gave further breakage during runs. 32-35 mesh Dowex
50W X 8, a more stable form of the resin made by a different process,
gave k values which were about 40% of the k values obtained under corre-

sponding conditions with the medium size particles. For a high value
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of o((reaction,rate very rapid compared to diffusion rate), the reaction
rate per unit volume of catalyst is reduced by a factor of % if the par-
ticle size is doubled; with a lower ratio of chemical rate to diffusion
rate, the reaction rate for the larger particle must be between 50 and 100%
of the rate for the smaller particle. The fact that the k value for the
Dowex 50W X 8 32-35 mesh (large) resin is 40% of the k value for Dowex 50
X 8 60-65 mesh (medium) resin suggests that the two resin grades are not
exactly comparable.

Table IV gives one set of k values for the three 50 X 8 and one
50W X 8 particle sizes, other variables being constant. Since the rate
is dependent on particle size, a small particle size will give more effi-

cient catalyst utilization than a large size,

TABLE IV

Effect of Particle Size on k Value: LO°C, 10% CHP, 5.8% water,
3.3% cumene, 80.9% acetone.

Run Resin type k gram k/6.15
and size (min) (equiveH")

33 50%8 S 9.2k 1.50

43 50X8 M 6.15 1.00

52 50X8 L 5.49 0.89

65 50WX8 L 2.69 0. bk

Effect of Temperature

The effect of temperature was investigated at three levels of
water concentration for all particle sizes. The rate of reaction increased

with increasing temperature in an exponential manner as can be seen from
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Figures 8 and 9, The data for Figure 8 were measured with the medium
resin, while the data for Figure 9 were obtained with the small resin
under the same conditions. The temperature control for these data was
good, i.e., a uniform temperature was maintained along the bed, with glass
beads being used as diluent for high reaction rate measurement. The bed
temperature as measured axially midway from the ends of the bed was re-

corded as the reaction temperature.

Effect of CHP Concentration

The effect on k of varying the CHP concentration is shown in
Figure 10, in which the factor % CHP is shown as a parameter for a family
of curves of k gm. per (min,)(equiv.H") versus C, moles water/cm.3 The
pseudo-order of the reaction as a function of C, can be calculated from

L

this figure. At C,; = 2.75 x lO"3 moles water/cm.3, Ccl = 5,5 x 107 moles
CHP/cm.3, and Co, = 11.0 x lQ'u moles CHP/cm.3, the experimental k's are

k; = 13,1 and k, = 9.7 gm. per (min,) - (equiv,H'). R = k(m/p)C,, with

(n/p) being estimated as 4.31 x 10™3 equiv. H'/gram. Thus Ry = 13.1 x

4,31 x 1073 x 5.5 x 1074 = 3,10 x 10~ moles CHP per (min.)(cm.3) and

Rp = 9.7 x 4.31 x 1073 x 11.0 x 107% = 4.60 x 10-5 mol. CHP per (min.)(em.3).
Doubling the CHP concentration increases the rate by a factor of 1.5, in-
dicating an order of 0.6. From estimates of ky = 5.0 and ky, = 2.5 gm. per
(min.)(equiv.H*) at Cy = 545 X 21.0"3 mol. water/cm¢3, values of Rl =

5.0 x 4.31 x 1073 x 5.5 x 107* = 1,19 x 107 and R, = 2.5 x 4,31 x 1073 x

b = 1,19 x lO'5 mol. CHP per (min.)(cm.3) would be predicted.

11.0 x 10~
These values would indicate a zero order reaction; changing the CHP con-

centration has no effect on the reaction rate, The interpretation is not
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made that the order is a function of water content; the data are explained
by phase distribution effects. Increasing the external CHP concentration
increases the phase distribution coefficient of water and decreases the
phase distribution coefficient of CHP, so that the rate is not doubled by

doubling Cg.

The Yield of Phenol

The yield of phenol is calculated from the gain in phenol con-
centration and the loss of CHP and is expressed as the percent of the

theoretical which is actually obtained:

Cpf/pf - cpi/pi
Cci/pi - Ccf/pf

% yield = x 100%

High conversion runs were made to reduce the error in the calculation.
The yields obtained were 89.1% for a 2% water feed and 90.5% for a 4%
water feed, which is the same as the yield reported for the homogeneous
reaction (90%). It was expected that secondary reactions might reduce
the yield as the water content was lowered, but at 2% water and 50-60°C
the reaction was still specific for phenol.

Anglyses for the increase in phenol concentration were made on
the feed and product samples of low conversion runs, but because the pre-
cision of a single analysis was only ts parts in 100, little significance
could be attached to the values of % yield calculated; they ranged from
70 to 120%. Because of this lack of precision, no attempt was made to
study the rate process (i,e., the specificity as a function of reaction

conditions) with this analysis.
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The products of theé high conversion runs were steam distilled
in an attempt to recover byproducts for analysis (normal distillation
would result in decomposition of the reaction products) but because the
total quantity of byproduct was low (1% of the product), no significant
fraction was obtained. No conclusions are made concerning the nature of

the byproducts.



DISCUSSION

Phase Distribution

The concept of phase distribution is important in interpreting
the rate data because all the variables except particles size can be ex-
pected to affect the phase distribution coefficient for CHP, i,e., the
ratio of resin phase concentration to liquid phase concentration. The true
activation energy of the chemical reaction, for example, cannot be measured
by the effect of temperature changes on the rate, because the changes may
cause phase shifts simultaneously.

The discovery that the rate was inversely proportional to the
water concentration resulted from the facts that water is not involved in
the stoichiometry of the reaction and that the sfock,70% CHP did not have
a constant water content from batch to batch., Techniques which gave re-
action with one batch gave no reaction with the following batch until
water was added. Most work with ion-exchange resins as acid catalysts
has involved hydrolysis, hydration, or dehydration,(27’28’3O’hl’42’43)

80 that chemical effects from water were expected, and the data were inter-
preted in terms of significant reverse reactions.

The rate is sensitive to water concentration, in particular,
because water has a high phase-distribution coefficient, giving a resin
phase which is agueous although the liguid phase may contain only a small
percent of water. Davies and Owen(23) measured the distribution of water
and acetone in the two-phase system., With 3 wt. % water in the liquid

phase, the resin phase of 5,5% divinylbenzene resin was 49% water, while

-62~
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10% divinylbenzene resin contained a liquid of 62% water. CHP is not
soluble in water, but it does dissolve in a water-acetone mixture; the
higher the proportion of water to acetone, the lower the solubility of
CHP. The inverse effect of water on the rate of reaction at a constant
CHP level is interpreted as resulting from a shift in the solubility of
CHP in the resin phase as the proportion of water to acetone changes.
Likewise, an increase in CHP content (externally) must be done at the
expense of the acetone fraction; the CHP in the resin phase increases less
than proportionally, and the measured rate does not show a first order
relation.

Water is of course Just one poséible component; more generally, the
value of A will be a function of the total external phase composition as
well as the cross-linking of the resin., Alcohols, for instance, also have
high phase-distribution coefficients; since they should be more compatible
with CHP their use as solvents might be of interest for future work.

Two k values were measured with a lower cross-linked resin
(60-65 mesh 4% divinylbenzene). They were apprecisbly higher than the
k values from 60-65 mesh 8% divinylbenzene resin at the same conditions:
at 40°C, 5.5% water, and 10% CHP the values were (4% DVB) 8.97 gm. per (min.)
(equiv.H") versus (8% DVB) 6.15 gm. per (min.}(equiv.H');at 50°C, 5.8%
water, and 10% CHP they were (4% DVB) 25.6 gm. per (min.)(equiv.H") and
(8% DVB) 14.5 gm. per (min.)(equiv.H'). The effect of an increase in cross-
linking on water-acetone distribution which would predict a lower rate has
been noted, and there may also have been a reduced resistance to diffusion
in the more open network occurring simultaneously which would give a higher

rate.
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Behavior of the Catalyst

The size of a catalyst particle changes with changes in the
external environment., The volume of 60-65 mesh Dowex 50 X 8 varies in the
ratios 1.0-1.6-2,1 under cumene, acetone, and water respectively, with
the volume under cumene about the same as the air dry volume., The per-
cent increase in volume 1s independent of resin size, so that the three
sizes studied in this work maintained the diameter ratios of L4:2:1 in
changing environments; The diameter in equilibrium with a multicomponent
mixture is a function of composition and temperature.

Fach sample of resin used has a range of particle sizes between
the two mesh sizes; the size distribution within this range is assumed to
be uniform, and the sample is characterized by the arithmetical average
of the éxtremes,.since the range of sizes is narrow. This average value was
estimated to change by ¥ 2%% from observations on the total bed volume.
The diameters in centimeters under different conditions are

mesh size alr dry size avg. diam. range of diam.

range, Clle alr dry, cm. under reaction
conditions, cm.

32-35 «0417-,0495 0,0456 .0540-,0566
60-65 «0208-,0246 0,0227 .0270-,0283
115-150 «010k-, 012k 0,011k +0135-,0142

The upper limits of the size under reactlion conditions apply to the con-
ditions of highest water content and lowest temperature, and vice versa.
Changes in the total bed volume were observable in the glass
reactor., Normal operation consisted in making the runs with a given cata-
lyst charge in such an order that the particle and total bed size decreased

from one run to the next, allowing the bed to remain in a loosely settled
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form, Expansion in the bed was restricted; when large expansions were
necessaryy back flow was used to suspend the particles to allow them to re-
settle in a loose bed.

Water had a chemical effect as well as the physical effect noted
previously. Two regions of different chemical behavior were investigated,
the boundary between the regions being a function of temperature and water
content. For high water contents, the catalyst remained a light yellow-
orange, while at reduced water content the catalyst darkened continuously
until becoming black. The total acidity of a catalyst batch was constant
in both regions but the specific acidity of the darkened catalyst was
decreasedy apparently due to the increased weight from the dark substances.
If the conditions for darkening were not prolonged the color which had
developed could be removed by a high (greater than 2%) water content feed,
Completely darkened catalyst lost some colored material to a high water
content feed without becoming noticeably lighter, indicating that it was
not a completely reversible phenomenon.

The cause of the darkening is considered to be the increased
rate of secondary reactions. Thermal decomposition of phenol is enhanced
by the absence of water; steam distillation of phenol is used to purify
it, while in a normal distillation of a phenol-water mixture discoloration
begins as the water is distilled off but before a large temperature rise
ocecurss The condensation of acetone with itself requires a low water con-
tent,(hg) and the catalyst is darkened during that reaction. From the
mechanism suggested by Seubold and Vaughan (page 5) it can be seen that

changes in water concentration could affect the rate at two steps. If
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the reverse rates of the sequence are negligible, the step involving
addition of water to the rearranged intermediate would be the critical
point; lowering the water concentration could result in a reaction occurring
more readily between the carbonium ilon and some other component of the
system, including the resin.

If the decomposition and secondary reaction products are bulky
or attach themselves to the resin, they will not be able to diffuse out
of the resin network from the internal sites where they are formed. The
darkening of the catalyst is attributed to the buildup of these substances,
the phenol decomposition products in particular being noted for being
colored.

The anhydrous region of operation would thus not be suitable for
commercial operation; the loss of phenol to byproducts would offset the
increased rate. No sustained operation in the anhydrous region was made,
but it might be comparable to operation with cumene as the solvent, which
is discussed later. The buildup of compounds blocking the network would
be expected to prevent diffusion of CHP into the resin and thus to destroy
the catalyst's effectiveness eventually.

The secondary reactions become important below 2% water for 10%
CHP3 as mentioned previously, the phenol yield at 2% water was not signifi-
cantly different from that at 4% water. k values were measured at 1.6%
water with no darkening during the run, but the catalyst then turned dark
on standing overnight, even with washing. The boundary between the two

regions of high yield and high secondary reactions is therefore at about
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1.5% water for 10% CHP and 50°C. The darkening appeared to be a function

of temperature; the high rate resulting from the minimum water content
run produced non-uniform tempersatures along the bed, and the initial (and
cooler) portion of the bed darkened more slowly than the final part. A
buildup of byproducts in the feed stream may have also contributed, of
course,

The lifetime of the catalyst in a steady state system is of
interest. Catalyst degradation was studied by two methods, reproducibility
of results and titration of the acidity of the total charge after use.

The longest period of use for one batch of catalyst was 165 hours reaction
time over a 30 day period. Run 13, the third run, and Run 24, the next to
lest run of the series, gave k values within 2,1% for the same conditionms,
indicating no degradation. This series included a few runs of 2% water

or less, which is the boundary between the stable and non-stable regions.
The titration method was used on charges with less reaction time, again
with no degradation ncticed. The total acidity checked within 12% of the
calculated charged acidity. Except for the large Dowex 50 X 8, which was
susceptible to breakage as has been noted, the catalyst maintained its
spherical form and remained free flowing when reaction conditions were

kept in the region of stable operation.

Comparison with Homogeneous Rate

Seubold and Vaughan(5) correlated their data of the decomposition

of CHP by strong acid in homogeneous solution by the equation

[:C:/ffzj + /vrurﬂ. CHP
- 107-9-— = 4, [H;0*)[cHA (ke ) (g.)




-68-

where the concentrations are moles per kg. and ko has the units kg. per
(mol. H30+)(sec,)q This can be expressed as a rate R mol. CHP per (min.)

(em.3) by multiplying by p gm./cm.2, 1 kg./1000 gm., and 60 sec./min.

R = — 600 dIcHPl _ 604

j000 A6 ° Tooo - LMsOJICHF

The data from this study are correlated by the equation

R = & (/)

where k is in gm. per (min.)(equiv.H), C, is mol. CHP/em.3, and (m/p) is
equiv.H.'"/gmn Setting the two rates equal permits derivation of the re-

lationship between ko and k:

}C(M/€>Cc = 520(;442_ [H,07][CHP]

Since
C € [cHP] med. CHP
c /OOO m's
and
1000 (M/?)* ) roned H30+ [H ﬁ-i'J
| 2guin~ H* 3
then

k = 6.0 x 10" ky

At 50°C, Seubold and Vaughan report ky, = 0,00101 kg. per (mol;H30+)(sec.)
from which the corresponding k value is calculated to be 60.6 gm. per

(min.)(equiv,H"). Figure 9, page 58, gives k values at 50°C as a function
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of water concentration for the small resin ranging from 25 to 130 gm. per
(min.)(equiv.H*¥). The data are thus of the same order of magnitude, Since
k values higher than 60.6 were measured with the resin at 50°C, the homo-
geneous rate might be increased by using a water concentration below that

used by Seubold and Vaughan, whose solvent was 50 wt. % acetic acid,

The Use of Cumene as Solvent

Considerable initial work was done using cumene as the solvent
for the system. It can be characterized as producing inconsistent and
non-reproducible results, the difficulty resulting from a lack of knowledge
of the factors involved, primarily the effect of traces of water and changes
in the catalyst due to the reaction,

The solubility of water in the cumene-CHP system is low but is
increased by increasing the CHP content. One batch of stock CHP contained
very little water, so that feeds as low as O.44% water at 20% CHP could be
made. The effect of adding water to a 20% CHP feed in cumene from this
stock, shown in Figure 11, is opposite to that found in acetone; increasing
the water content increased the rate, with a minimum quantity of water re-
quired before any reaction occurred. Two processes may be occurring to
promote the rate as water is added: expansion of the resin network by
water absorption until the network is opened enough to permit CHP to
diffuse in and a shift of enviromment in favor of the acid-catalyzed ionic
reaction,

The order of the runs for this series is important; each suc-

ceeding run had a higher water content. Attempts to reproduce the rates
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Figure 11. Effect of Water on k using Cumene as Solvent. 115-150 mesh
Dowex 50 X 8, 50°C, 20% CHP.
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at less than l% water gave non-steady k values; the rates started at a
levei corresponding to k = 15 gm. per (min.)(equiv.) and gradually dropped,
without reaching the value previously obtained at the same water con-
centration. The feed had a low capacity for desorbing water from the resin,
so the rates were maintained above the values obtained starting with a

dry feed and dry resin by the water absorbed in the resin in the pre-
ceeding runs.

A few runs were made in which the. product of one was collected
and used as the feed for the next, giving data eguivalent to that from
sampling at intermediate points along a long bed. The rates frequently
increased from the initial rate, then dropped off. The products of the
reaction created an environment which promoted the rate, giving a peak in
the rate curve as a function of CHP concentration.

The catalyst turned dark very quickly,using cumene as solvent.
Phenol yield measurements on the low conversion runs did not have high
accuracy, but the measured yields went from 55% to 100%, as compared to
the 70-120% range recorded using acetone as solvent. Again, byproducts
from reactions other then the primary one are suggested as the cause of dark-
ening, the reaction being considered less specific as a result of the non-
polar solvent. With sustained use the catalyst gradually cracked into
fine pieces and froze into place, having to be chipped out of the reactor
when changed. The cracked, used resin gave higher rates thaﬁ»the fresh,

probably due to the increased surface area.



CORRELATION

The model for correlation derived in the theory section states

that

o) . v
/2\)/: /&:(ﬁAK _ ij C.. (33)
m N C%ﬁ
vhere k is an experimental variable, gm. per (min.)(equiv.H"); ky is

the rate constant for the homogeneous reaction, min.”'; p/m is in gram/

equiv,H*; ¢ is a dimensionless function of particle radius r, cm., and

O}

the parameter oC = (k1/D) emw.”L, where D is the diffusivity of CHP,
cmag/min.; and A is the phase distribution coefficient for CHP, resin

phase concentration/liquid phase concentration. The variation in k with
the parameters temperature T°C, particle radius r cm., and liquid phase com-
positions C; was correlated on the basis that ki = (1), § = £(r), and

A= f(Cj), with p/m being assumed constant. The form of the function for
kl = £(T) was taken to be the Arrhenius function, that is, k, = A e'E/RT;
the form for @ = f£(r) was derived in the theory section (Eguation 25); and
no theoretical form was known for A = f(Cj), so an empirical approach was
taken in determining the correlation.

The data for a given composition were obtained using a single
batch of feed mixed in sufficlent quantity to make runs with each particle
size at each temperature. This ensured constant water content. Small
corrections were applied as needed to bring the k values (measured at,
say, 40,0 0.5°C) to a common temperature basis. The resulting values of

k are given in Table V for small and medium particle sizes at each

'Emperatureawater concentration level.,

~72-
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TABLE V

Values of k for Correlation. .From small (k(s))and medium (k(M))

particles, with corresponding values of ¢ ratio and oC.

103¢y Temp. k(s) X () p ratio oC
mol.water oa . gram em, -1
cc. (min.)(equiv.H")
2.7 50.0 19.52 14.30 1.36 125
40.0 9.2k 6.15 1.50 16
30.0 2,90 2.07 1.k0 136
1.6 50.0 43,0 28.5 1.51 172
40.0 19,42 12.80 1.52 175
30.0 7.05 540 1.30 109
0.7h 50.0 1240 89.2 1.39 132
10,0 50,2 3345 1.50 168
30.0 25,8 164 1.57 196
The relation defining @ is
¢ _ 3(06/1" M(*W)‘M‘“”)>
- o ot b (X a) (25)

where r is the particle radius, cm.,
1
and C = (kl/D)2 cm.™ The ratio of k's determined with the small (S) and
medium (M) particles for other conditions constant equals the ratio of

the two values of 0, since § is the only factor which is a function of r:

/&-(S) — ['Pﬁl‘%ﬂ)qs(s)x — ¢(sl —
/{Q(M) ’&l (e/”"’)(lb(m)) ‘¢(M) Fatio

With r(g) = 0.0138 cm. and r(y) = 0.0276 cm. given, § ratio is a function

(34)

of K only. Figure 12 shows the relationship. Since r(yM) = Er(s), the

value of ﬁ ratio goes to 1.0 as X—0 and approaches 2.0 as X,
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Figure 12. ¢ ratio versus a.

300



~75-

The effect of particle size was measured at three temperatures
and three water concentrations; each T—CW pair determined an experimental
value of ¥ ratio, which was calculated from the ratio of k values and is
listed in Table V. The corresponding value of o( was determined from
Figure 12 and it is also given in Table V.

A distinction is usually made between chemical- and diffusion-
controlled rates, the former being those examples in which particle size
appears to have no effect on the rate. This is never exactly true, since
the diffusion process must result in an average particle concentration
lower than the surface concentration, but as can be seen from Figure 12,
for o less than 50 cm;'l the rates are not more than 5% different for the
two particle sizes, i.e., they appear equal within experimental error.

From Table V it can be seen that ol averages about 150 cm,'l for the CHP
decomposition reaction, so that more effective use is made of the catalyst
if the particle size is small.

o is a function k; and D, both of which are expected to be
similar functions of temperature. Since chemical rates usually have higher
activation energies than diffusion rates, kj would be expected to increase
more rapidly than D as the temperature is increased, and thus OC would be
a function of temperature. The values of K are plotted versus temperature
with C,, as parameter in Figure 13; no significant trend is apparent. Like-
wise, Figure 14 shows that OC is not a function of Cy+ The interpretation 1is
not made that ol is actually independent of temperature. The factor A\ also
is expected to vary with temperature. . The range of variables studied was

apparently such that the two effects compensated each other. A satisfactory
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correlation is obtained by using a single average value of OC = 150 cm.'l,

making ¢ a function of radius only, and correlating temperature effects by

kq = f(T), The effect of particle size was thus correlated by

4‘(150r cosh 150r - sinh 150r
r2 ginh 150r

)

P =1.33 x 107

where r is the particle radius, cma.

The effect of changes in particle radius on the reaction rate
due to changing enviromment (swelling of a given particle) can be estimated
from the ¢ function and the ¢ratio. With o¢ = 150 cm.'l, r(s) = 0,0138 cm.,
and T(M) = 0,0276 cm., the ¢ ratio is calculated to be 1,45, The variation
in r(g) was estimated at f2%% from observations on the total bed volume in
the glass reactor. For ol = 150 em.”L and r(s) = 0.01415 em. (estimated
maximum expansion), the § ratio is calculated to be 1.46, from which a
value of OC = 155 am."L 1s estimated; the variation in o due to resin
swelling therefore i1s estimated to be much less than the observed experi-
mental variation. The value of @ itself is calculated (for oC = 150 em. ™ 1)
as 0.798 for r(g) = 0.01415 cm., which is less than 1% change. Thus the
overall significance of errors resulting from not considering changes in
particle radius over the range of conditions studied is slight.

The effect of temperature was correlated by variations in kj:

ky = A exp(-E/RT)

where A, E, and R are constants and T is in degrees Kelvin., With the
equation defining k this gives

k= ky (o/m)fn = A(p/m)P\ exp(-E/RT) = A'f)\ exp(-E/RT)



-79-

where A' = Ap/m, a constant, and

1n k = In A'gr - E/RT
On a plot of 1In k versus l/T°K, a family of straight parallel lines is pre-
dicted, each line being determined by the intercept 1n A'@)\, which is a
function of r and the Cj, For a given composition, the k wvalues from the
small and medium particles give a palr of lines with the ratio of the

coefficient A'PM equal to the § ratio:

At B(s) ;‘%_{(_sj)
A\ (M) M
The experimental values of k from Table V are plotted as 1n k
versus l/T°K in Figure 15, The value of ¢ ratio = 1l.45, corresponding to
the value of °K = 150 cm,"% is used to determine the relationship between
the pair of lines corresponding to the two particle sizes and a given
composition. Variation in OC is reflected by variation in the spacing
between the palr of lines. For the pair corresponding to Cy = la6x10'3,
for example, if oK = 200 emq_l had been used rather than o = 150 cm,“l,
the line correlating the temperature effect for the small particles (dotted
line) would be shifted from a value of 1ln k of 2.79 to 2,90 at l/T = 0,00320,
referred to a constant position for the line for the medium particles.
It has been assumed that only kl is a function of temperature,
since no significant variation of X with temperature was found. Devi-
ations from parallel straight lines will result if o is actually a function

of temperature or if A is. If & increases with temperature, the data

for a given line will be convex upwards on a plot of 1ln k versus l/T°
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The variation of A with temperature is very likely., The
effect of temperature was usually measured for a given feed composition
by changing the temperature without stopping the feed after the first
steady state was reached. The total volume of the bed usually changed
when this was done, indicating that the volume of absorbed liquid changed.
This was probably accompanied by a shift in the water-acetone ratio and
therefore by a change in the CHP phase-distribution coefficient.

The slope of the lines in Figure 15 gives an activation energy
of 17,200 calories; Tobolsky and MEsrobian(37) report an activation energy
of 21,300 calories for the homogeneous reaction,

The intercept at 1/T = O of the lines in Figure 15 is 1n At'@).
The intercepts for the lines pertaining to the medium particles at each

value of CW are

. b \ At
c, mol.water In A ¢(M)k ¢(M)k
CCa»
0.0027 29,22 4,90 x 10%°
0.0016 29,9 10.30 x 1012
0.0007k 31,12 32,9 x 1012

Since A'ﬁ(M) is constant, the variation of A'ﬁ(M>k with C_ reflects the
variation of A with CWc No theoretical form for this relationship is
known; it is approximately an inverse relationship. A two constant fit of
the form
o
APy = 01(Cy)
is made by plotting 1n A‘¢(M)l versus 1n C,. (Figure 16), from which the

constants are determined to be e = T.10 x 108 and ¢y = -1.49,
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The data of Table V, which have been the basis for correlation
to this point, were determined at C, = 5.5 x 10'4 mol. GHP/cc. (lO% CHP),
Figure 10, page 59, gives the effect of increasing C,. The data for the
higher CHP concentrations can be correlated with the 10% CHP curve by re-
plotting the data in terms of an effective CW, where
Cw(effectiVe) = Cy + 0,91 (Cc - 0,00055)
This results in a single curve for the data (Figure 17). Since Cy(effective)

L

= C__ at Cc = 5.5 x 107", this relationship can be substituted into the

W

correlation for A, it having been derived at C, = 5.5 x lO-A; thus

A'Popd = 7.10 x 108[0W + 0.91(Cq - ,00055) 171+

or, since ¢(M) = 0,550

AT = 1,290 x 109[C,, + 0.9L(C, - 00055)]~1+"9

The factor p/m has been considered constant in deriving the
mathematical model and for purposes of correlation. It 1s actually a
funetion of composition. p varies from 0.83 gm/cc. (10% CHP) to 0.88
gmg/cce (30% CHP). m varies as the quantity of liquid absorbed by the
resin changesy and it 1s estimated as f2%% change from observation of
volume changes. The assumption of constant p/m in the model derivation
applied only to the range of conditions in a bed at steady state, For
a low conversion run, this range is small, and the assumption is a good
approximation. In the correlation, the effe-cﬁ of composition change has

been correlated by A'A = A p\/m = f(Cj), The effect of changes in p/m
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is thus included in the empirical correlation for composition effects.
The single value of m/p = 0,00435 equiv. H&/gram, estimated from volume
and capacity measurements, is used in the rate correlation.

The final form of the rate correlation i1s obtained by combining

the separate correlation for ki, f, C,, and Cj,:

k(m/p)Cy = A e~E/B(m/p) (p/m)f2Cq

[=y)
Il

n

ang o, & u/p)

-1.k9 %

I

1.29 x 107[¢, + 0.91 (¢, - 00055)]

150r cosh 150r - sinh 150r
r® sinh 150r

1.33 x 10-%( ) x

00435 C, exp(-8600/T)

R = 7.46 x 10*2[c, + 0,91 (C, - .ooo55)]'l‘h9 X

150r cosh 150r - sinh 150r
r® ginh 150r

( ) Ce exp(-8600/T)

where R is the rate of decomposition, moles CHP per (min.)(cec.); C, is
the concentration of water, moles water/pc,; C, 1s the concentration of CHP,
moles CHP/cc.;‘r is the radius of Dowex 50 X 8 resin, cm.; and T is the
temperature,  °K.

Comparison of the correlation with the experimental data is made
in Figures 18, 19, and 20 for C; = 0.7k x 10-3, 1.6 x 10-3, and 2.7 x 10-3

moles water/cc., respectively. The model gives good correlation while
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maintaining a simple form. Because the effect of each varlable was
correlated by a separate factor, the model could not handle the inter-
actions which observation indicated were presented, particularly that
between temperature and the phase distribution coefficients., This devi-
ation is congidered the major cause of the differences between the

correlation and the experimental data.
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CONCLUSIONS

Dowex 50, a cross-linked sulfonated polystyrene resin, 1s a suitable
catalyst when in acid form for promoting the decomposition of cumene
hydroperoxide to phenol.

The water concentration of the feed is an important factor in de-
termining the rate of reaction, the rate in acetone varying inversely
with the water concentration to the 3/2‘powere

The level of water concentration affects the behavior of the catalyst.
Above 1.5% water, for 10% CHP and 50°C, the catalyst remains light

in colory but below this value it darkens steadily untll becoming
black, The interpretation was made that the specifilcity of the re-
action was high above 1.5% water but that secondary reactions become
important below this value, the byproducts from these reactions
causing the darkening.

The particle size of the catalyst is a factor in determining the

rate of this reactions The smaller size gives the higher rate.

The stability of the catalyst is good in the region of high water
concentration, The meximum period of tésting for a single catalyst
batch was 165 hours. Under conditions which produce darkening the
catalyst is more susceptible to breaking and "freezing" into place.
The order of the reaction cannot be meaéured with this catalyst unless
the interpretation is made that the order ié a function of the water
concentration, The concept of phase distribution coefficients which
are functions of temperature and composition was introducéd and used
to.interpret the experimental results in conjunction with an assumed

order of reaction.
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(7) The data were correlated by the following equation:

R = 7.46 x 10°[c,, + 0.91 (¢4 - .00055)17L+49 x

150r cosh 150r - sinh 150r
r® sinh 150r

( ) C, exp(-8600/T)

R is the rate of decomposition, moles CHP per (min.)(cec.); C, is the

concentration of water, moles water/cc.; C, is the concentration of

c
CHP, moles CHP/cc.; r is the radius of the Dowex 50 X 8 resin particle,

cm.; and T is the temperature, °K.

Several limitations should be observed in applying the equa-
tion. The data for the correlation were obtained only from Dowex
50 X 8 resin. The eQuation probably is not valid below C, = 0.7 x lO-3
moles/cc. (1 1/2 wt. % water) due to increased secondary reactions.
Above a feed flow rate of 4.0 grams per (min.)(cm.g) no effect of flow
rate was observed. With these limitations the equation applies well

over the ranges of variables studied, It predicts the experimental

values with an average percent error of 7.3%.



APPENDIX A

TABULATION OF EXPERIMENTAL DATA
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APPENDIX B
ESTIMATICN OF PARTICLE TEMPERAT'RE

The equation for temperature as a function of particle radius is
derived from an energy balance on the spherical element referred to in
Figure 2, page 19:

in {d@iffusion) - out (diffusion) + in (mass transfer)
» out (mass transfer) = O.

Since all the (AP transferred into a sphere of radius x reacts to proportion-
ate quantitiesbof phenol and acztone (100% yield assumed) which are then trans-
ferred out of the sphere, at either surface of the element the total mass
transfer may be expressed in terms of the CHP diffusion rate w mol per (min.)
(cm.z), and the snergy transferr2d is expressed by the enthalpies Hj cal;/mole

of the components:

w A+ (¢ Pdg)A 4 AA) 4w Allp t Ha = He) (35)

aluw +du)A+dA  Hp + Ha-He td Hpr dHy=d H )= 0

q is the rate of heat transfer, cal. per (min.)(cm.2), due to the temperature

gradient. The enthalpy terms are combined to give the heat of reaction:

(He + Hp = Be) = &H (36)

and the differentials combine to give dA4H:

Substituting Equations (36) and (37) into (35), expanding the terms, divid-

ing by (dx) and neglecting the differential terms gives

~2 94 - 45*(%)- wlHZm - w%ﬁ)d*aw%{#)x‘: O (38)
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The rate of heat transfer q is expressed by
& = o (59)

and the differential flow rate dg/dx is expressed, assuming the thermal
conductivity b is not a function of x, by
== % (ko)

The expressions for w and dw/dx as functions of C', from page 20, are:

/ -/

The expressions for g, dq/dx, w, and dw/dx are substituted into Equation
(38); a further assumption, that dAH/dx = O because of a low temperature

rise, is incorporated, and the result is, with rearranging:

~ 41T a7 | 4HDT, ,

% 24 == dc’) o ] 0 ()
LI PRy 2<% )

Equation (L41) is combined with Eguations (15) and (19), pages 22 =2k, to

give an equation in T and x only:

i T
%M“"-Z“M -

This may be solved with the boundary conditions

AT sHk ' 1ar (Xt
s % xrz% g (2

(1) ar/ax = 0 at x = O
(2) T=T atx=r
The equation is reduced to a linear first order equation by the substitution

d'I‘/d_x = 7 and solved for z; integration gives the final solu‘tion.(Bh)

QHA Cs  [aimhlna) A _
T = T-s + j_ocz‘ (M(w/f) & 7t ! )
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The maximum temperature rise T =~ T, that can occur within the particle is

equal to the coefficient of the variable term, since
0 < ok (Xat) ol o < '
ik (o) KA N

A value of the coefficient 1s calculated from these -estimates of the con-

stants:
AH = = £06 €00 cad frmed CHP
,@4 = 025 cal puor (wn.)(qu,f%)
-y . f
k/xr= D = 10107 omA/ pnim,
C/s - I‘ 7 4 /C*B M CHP/C/C: :ﬁv%’é'ﬂ‘
Thus, ’ Ly
FoT o mOHACE 40,606 X)CT0)71/07K038 _ o oor
s - - e /8

Arog® T 2.5 x/072
The method of estimating AH has been explained previously; b was estimated

from the thermal conductivity of beniene and acetone; the value of D cannot
be estimated with much more significance than is indicated, in this environ=-
ment, so the more critical value was used; and Cé was estimated for A = 1.0.
The rise in temperature of only 0.16°C that results is quite small., For
activation energies of 18,000 cal./mol. for (k;) and 9,000 cal. /mol. for D,
the ratio will vary by less than 1% for a temperature change of this magni-
tude. The assvmption of constant o as a basis for solving Equation (15),

page 22, seems reasonable,
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APPENDIX C

SAMPLE CALCULATIONS AND EXPERIMENTAL MEASUREMENTS

The data of run 38 (Table A-3, Appendix A) are used to illustrate
the procedure of operation. This run was part of the series using the small
size (115-150 mesh)vresin, with acetone as the solvent. Nominal conditions
of 30°C, 10% (wt.) CHP, and 2% (wt.) water were selected. A k value of sbout
25 grems per (min.)(equiv. H') was estimated from previous work as the prob-

able result. From W , = 2.00 gn./min., 1n (Coy/Cop) = 0.163 at 15% conver-

in,

sion, k = 25, and k = ¥ In (Cci/Ccf)’ the quantity of resin desired was calcu-
N

lated as N = 0.0130 equiv. H'. The capacity of the resin had been measured as

4,68 milliquivalents per gram. A sample of 2.9100 grams of 115~150 mesh

Dowex: 50X 8 was charged to the reactor, giving

N = 4.68 x 2.91
1000
For the low flow rate to be used, a period of L4-6 hours to deter-

= 0.0136 equiv. H'

mine the steady state values was anticipated. Sufficient feed was prepared
to obtain the data for three particle sizes at three temperatures from the
one batch of feed (nine runs). The quantities weighed out and the approxi-

mate composition resulting were

1176 gms. stock (70 wt. %) CHP 10% CHP

4% cumene
115 gms. water 2% water
6709 gms. acetone 84% acetone

The following titrations were made to observe the approach to

steady state:

time after volume of ‘ml. sodium
start-up, hrs. gsample, cc, thiosulfate
2.25 - 0.95 9.31
0.95 9.4
3.0 0.95 9.42
0.95 9.42
4,0 0.95 9.43
0.95 9.40
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The steady state value of 9.42 ml. Na28203 for 0.95 cc. sample was used.

The feed analysis was 9.35 ml. Na28203 for 0.80 cc. sample. Thus;

C.. = ___2;22____ = 5.84 x lO"LL mol. CHP/cc,
€1 0.80 x 2000 /
Cop = k2 4.96 x 107* mol. CHP/cc.
0.95 x 2000
-l
1n Sei = 1p 2:8% x 10 = 1n 1.178 = 0.163

Cor 4,96 x 10")I

The volumetric flow rate was measured during the steady state
period by removing 3.00 cc. from a filled 25 ml. volumetric flask with a
syringe and measuring fhe time to refill the flask with the output from the
reactor. The time was l.lS minutés. The density was measured by weighing

1.00 cc. of feed in a closed bottle, the result being 0.824 grams/cc. Thus

3,00 cc. x 0.824 gm./ce. )
W= = 2.1 ./min,
1.15 min. 5 en./
The value of k is calculated from these values:
Ww. Coi 2.15 x 0.163 gram
k==—1n = =2'.8
N Cor 0.136 > (min. )(equiv. ")

The aiial thermocouple (copper-constantin), located st the mid-point
of the bed, gave 1.20 m.v. in reference to a cold junction at 0°C. This corre-
sponded to a temperature of 30.0°C. The thermocouple readings observed during
calibration agreed within 0.0l m.v. of the standard values for copper-constan-
tin thermocouples, which is a variation of 0.25°C in this range of operation.

The water -concentration of the feed was measuréd as follows:

Semple ml. reagent
A. 25 cec. solvent 46,3
B. 25 cc. solvent 69.6

+ 0.0982 gm. water

C. 25 cc. solvent 52.5
+ 2,00 cc. feed

0.0982 x 1000 _ 4.21 mg. water; ml. reagent for
- 69.6 -~ 46,3  ml. reagent

sample only: 52.5 - 46.3 = 6.2 .

The titer of the reagent:




~10L~

Thus:

= 6.2 ml. x 4.po] B8. , 1 mole water _ 0.7h x 1073 mol.
2.00 cc. ml. 18,000 mg. ce.

The method of correlating the data is summarized as follows.
The value of the ¢ ratio at given levels of water concentration and temper-
ature was calculated from the ratio of the k values obtained with the small
and medium size resin particles (Table V, page T3) and the corresponding
value of o was determined from Figure 12, page T4. No effect of temperature
on o was indicated (Figure 13), so an average value of 150 cm.'l was used in
the ¢ function, which was assumed independent of temperature. This correlated
the effect of particle size. The data of Table V were then plotted as an in-
verse temperature function (Figure 15, page 80). By trial and error, the
slope for the family of parallel lines was determined graphically to give
a minimum deviation of the group of data points from the family of lines,
The spacing of the intercepts for the pair of lines at a given water con-
centration corresponding to the data from the samll and medium resin sizes
was controlled as required by the assumption that a = lSO,cm.'l A first
trial for correlating the effect of water concentration on the phase distri=-
bution coefficient showed such a slight curvature on a log-log plot that the
location of the central pair of lines in Figure 15 could be shifted sufficient-
ly relative to the other two pairs to permit correlation of the composition
effect by a two constant fit (Figure 16, page 82) without introducing large
deviations from the experimental data, The correlation was completed by find-
ing a simple function which expressed the interaction between the water and
CHP concentrations.

The data from a number of runs were not included in the correlation
nor listed in Appendix A. These were in the nature of exploratory runs and the

level of water concentration was intermediate between those used for correlation.
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