Hydration of Propylene Oxide Using lon-
Exchange Resin Catalyst in a Slurry

Reactor

Kinetics of hydration of propylene oxide using an ion-exchange resin catalyst
in a slurry reactor was studied. The kinetics of homogeneous, uncatalyzed reaction
was studied separately and used to obtain heterogeneous reaction kinetics, The
homogeneous reaction was found to be 0.43 order with respect to propylene oxide
concentration. The heterogeneous reaction was found to have intraparticle dif-
fusional resistance under certain conditions. The intrinsic kinetic parameters and
effective diffusivity were obtained from these data. The heterogeneous reaction
was found to be 0.55 order with respect to propylene oxide concentration. The
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activation energies obtained for homogeneous and heterogeneous reactions were
51.5 and 53.4 kJ /mol, respectively. A theoretical model incorporating all the mass

transfer resistances has been proposed.

SCOPE

Most of the commercial processes for the manufacture of
propylene glycol are via hydration of propylene oxide. This re-
action can be carried out in the liquid phase with or without a
catalyst. Generally soluble acid or ion-exchange resins are
suitable catalysts for this reaction. The heterogeneous ion-ex-
change catalysts have some advantages over the soluble acid
catalysts: (i) the separation of products is easier without con-
tamination; (ii) corrosion of the equipment is minimized; and
(iii) the catalyst can be regenerated and used repeatedly. Poly-
anski and Potudina (1963) have studied the hydration of pro-

pylene oxide using ion-exchange resins as catalysts. However,
no intrinsic kinetics has been reported in the literature, thus
providing incentive for this study. This system also provides an
interesting example of a three-phase slurry reaction in which
the reaction occurs both homogeneously in the liquid phase and
heterogeneously at the catalyst surface. Theoretical models
incorporating mass transfer effects for such systems have also
been developed in this work. Such a study would be useful in
the analysis of experimental data on this type of systems and
design of reactors.

CONCLUSIONS AND SIGNIFICANCE

Hydration of propylene oxide to propylene glycol was studied
using ion-exchange resin catalyst. This catalyst was found to be
selective for the formation of monopropylene glycol. The ho-
mogeneous (uncatalyzed) and the heterogeneous reactions were
studied separately, The contribution of homogeneous reaction
was significant (about 25%) at lower catalyst loadings, (8.3
kg/m?), while at higher loadings (50.0 kg/m?) the homogeneous
reaction rates were about 5% of the observed rates.

The homogeneous reaction, when studied separately was
found to be kinetically controlled. The order of homogeneous
reaction was found to be 0.43 with respect to propylene oxide
concentration and activation energy was 51.5 kJ /mol.

The heterogeneous reaction kinetics was also studied and the
order with respect to propylene oxide was found to be 0.55 with
an activation energy of 53.4 kJ/mol. The intraparticle dif-
fusional resistance was found to be important, and the values
of effective diffusivity were determined from these data. These
indicate a tortuosity factor of three for the catalyst used.

A theoretical model incorporating homogeneous and heter-
ogeneous reactions and all the mass transfer resistances has
been developed. An equation for an overall effectiveness factor
for general order reaction has been derived. Based on this model
the mixing pattern in the gas phase does not influence the
semibatch reactor performance.

The main reactions involved in the hydration of propylene oxide
to propylene glycols are:

C3HgO + HpO — CH3OH CHOHC Hy (i)

(propylene oxide X PO) {monopropylene glycol YMPGC)
CH30HCHOHCH2 + CsHeO - C6H14O3 (ii)
(dipropylene glycol)(DPG)
The desired product is monopropylene glycol, though dipropylene

glycol also has some applications. A summary of literature on hy-
dration of propylene oxide is presented in Table 1. The following
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sections discuss the theoretical model and experimental results on
this reaction using ion-exchange resin catalyst.

GENERAL THEORY OF HOMOGENEOQUS-HETEROGENEOUS
SLURRY REACTORS

Chaudhari and Ramachandran (1980) have described an ap-
proach for modelling of homogeneous-heterogeneous slurry re-
actions for first-order reactions. In this work an analysis for general
power law kinetics has been presented, as the system, hydration
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TABLE 1.

LITERATURE ON HYDRATION OF PROPYLENE OXIDE

Reaction Conditions Yield
Reactor Temp. Pres. of MPG
Investigator Catalyst Type K atm, %
McAteer (1951) Aluminium Fluoride Fixed Bed 530 1 90.0
Robeson and Webb (1952) Aqueous Acid Medium — 423 (pH = 4.7) 170 88.5
398 (pH =5.8) 170 91.8
423 (pH = 6.2) 170 87.3
Ferrero et al. (1954) Oxalic Acid — — — —
Long and Pritchard (1956) Inorganic Acids and Bases — — -— —
Pritchard and Long (1956) Perchloric Acid — 273 -— —
Freidlin and Sharf (1958) K3PO, Fixed Bed 505 | 50-7
Tokuno et al. (1962) Cation and Anion Exchange Resin Fixed Bed 323 — —
(PO Dissolved in 0.02% HSO4)
Polyanski and Potudina (1963) Ion-Exchange Resins — — — —
Myszkowski et al. (1966) Noncatalytic Tubular Pipe Autoclave 463-473 10-15 90.0
Levin and Shapiro (1970) Tetrealkylammonium Halides, Halides — 353-493 20-180 —_
of Alkyl Amine and Alkali Metal Halides
Izumi and Yutani (1973) Calcium Apatite Fixed Bed 523 — 59.6
Popova et al. (1974) SO; Dissolved in Water — — — 81-83
Cipriani et al. (1976) Triethyl Amine — 383 — 97.5
Lebedev et al. (1976a) Carbonates and Bicarbonates — 323-363 — —
Lebedev et al. (1976b) Carbonates and Bicarbonates — — — 84-90
Carra et al. (1979) Inorganic Bases — 301-345 1 —
of propylene oxide, follows nonlinear kinetics. Only reaction i is Ago\™ Ag\n2
assumed to occur which would be applicable for conditions under . Ra=k _I‘}_ + whke “;; (8)

which dipropylene glycol formation is negligible. If the liquid is
assumed to be completely backmixed and the gas phase moves in
a plug flow, the rate of transport of A (propylene oxide) from the
gas phase to the liquid bulk is given as (Chaudhari and Rama-
chandran, 1980):

Ra = Ma[Ag/H — A[] 1)

The rate, Ra, is also equal to the rate of transport from the liquid
bulk to the catalyst surface plus the amount of A reacting in the
bulk liquid by noncatalytic heterogeneous reaction. Hence,

RA = klAlm + ksap(Al - As) (2)
Also, the rate of reaction at the catalyst surface is given as:
ksap(Al — A;) = nowkAT? (3)

where, 1., the catalytic effectiveness factor is given as an approx-
imation as (Bischoff, 1965):

=1 _1
Ne = ¢[Coth(3¢) 3% 4)
with
d, ns + 1 pokoA 2~ D]os
=% 2 P s
o=21" D ] (5)

Eliminating the unknown terms A; and A in Egs. 1 to 3, we obtain
the following expression for the overall rate of reaction:

Ra =k [é&—R—Am + nswks [A—g—i-—‘—-RA (L'F 1 )
H

H My M4 ksap
K1 [Ag_ Bajmine
ksap(H MA) } ©

Equation 6 is implicit in R4 and a trial and error method has to be
used to evaluate this quantity. When all the mass transfer resis-
tances are negligible, the overall rate of reaction is given as:

ni

An RV Ay RpVine
Ris = k g A7 k g Al
A=k "o + wk |7 HO (7
The term [Az/H — Ry V/HQ)] can be shown to be equal to the
dissolved concentration of A, corresponding to the outlet partial

pressure by a simple material balance. Hence Eq. 7 can be written
as:
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This equation can be used to interpret the results in the absence of
mass transfer effects.

The rate of reactions can be represented in terms of an overall
effectiveness factor defined as (Ramachandran and Chaudhari,
1980):

Ra

sl

n= 9)

H H

Using the kinetic data (discussed in later sections) and conditions
used for hydration of propylene oxide, the values of R4 and 5 were
calculated using Eqs. 6 and 9 respectively for different values of
w. Figure 1 shows a plot of 5 vs. w, for different temperatures.
Some experimental values of 7 are also shown for 348 K, for com-

"parison. With increase in w, the overall effectiveness factor, 7,

decreases. This is normally observed when gas-liquid mass transfer
is the controlling resistance. However, in this particular case, the
gas-liquid mass transfer resistance was found to be negligible (as
shown later by experiments at different agitation speeds). There-
fore, the drop in 7 at higher catalyst loadings can be ascribed to the
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Figure 1. A plot of overall effectiveness factor vs. calalyst loading for propylene
oxide hydration.
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Flgure 2, Schematic diagram of apparatus.

significant change in the gas-phase concentration of propylene
oxide in the reactor (which results in lower effective concentration
of dissolved propylene oxide). Under these conditions, the pa-
rameter M, in Eq. 1 approximates to the term HQ/V and hence,
the supply of propylene oxide becomes the controlling resistance
and not K ap.

Chaudhari and Ramachandran (1980) have shown that for both
sparingly soluble gases and highly soluble gases, the effect of gas
mixing is negligible. For the present system, as propylene oxide
is highly soluble in water, the gas-phase mixing pattern is not likely
to influence the reactor performance.

EXPERIMENTAL

In the present work, the hydration of propylene oxide was carried out
in a slurry reactor in which propylene oxide was bubbled (with nitrogen
as a diluent) in an aqueous suspension of ion-exchange resin. A schematic
diagram of the experimental setup used is shown in Figure 2. The reactor
used was an all-glass agitated reactor of 100 mm diameter and 200 mm
height. An outer jacket was provided in the reactor through which water
at constant temperature could be circulated. Temperature was maintained
within £0.1°C using a thermostat. A stainless-steel stirrer with six blades,
turbine-type impeller (50 mm in width), and three baffles were provided
in the reactor.

Propylene oxide was taken in a glass bubbler of 30 mm diameter and 200
mm height. This was also jacketed to circulate chilled water at a desired
temperature. Nitrogen from a cylinder was bubbled through the propylene
oxide. A uniform dispersion of nitrogen in propylene oxide bubbler was
ensured by using a sintered glass disc distributor.

In a typical experiment, 0.6 L. of distilled water and a known amount
of dry catalyst (ion-exchange resin) were charged into the reactor. The
operating L/D ratio in the reactor was almost equal to one. After the desired
temperature was reached in the reactor and in the bubbler, the stirrer was
switched on and a constant nitrogen flow was started through the bubbler.
The propylene oxide-nitrogen mixture was then bubbled through the
aqueous suspension of ion-exchange resin in the reactor. The agitator speed
was 13.3 Hz. The minimum agitation speed required (Zweitering, 1958)
to keep the catalyst particles in suspension, at the highest catalyst loading
used (50 kg/m3) was 6 Hz. The gas stream exiting the reactor, was vented
through a reflux condenser. Liquid samples (about one ml) were taken
out from the reactor through a sampling tube for analysis of dissolved
propylene oxide, propylene glvcol, and dipropylene glycol. The nitro-
gen-propylene oxide mixture entering and leaving the reactor were also
analyzed to determine material balances. The samples were analyzed using
gas-liquid chromatography. Two-meter columns were packed with 5%
carbowax-1500 on chromosorb; and a thermal conductivity detector was
used. The column and detector temperatures were 403 and 503 K, re-
spectively. The carrier gas (hydrogen) flow rate was 7 X 10~7 m3/s (42
ml./min).

Distilled propylene oxide and distilled water were used in all the runs.
The pH of water used was 6.6. Ion-exchange resin used was Indion-225,
supplied by Ms. Ton Exchange (India) Ltd. The resin is a strong acidic
cross-linked polystyrene bead with $O3 as an active group (¢ = 0.5). Ana-
lytical grade propylene glycol and dipropylene glycol supplied by Ms. Fluka
were used for preparing standard samples for analyses.
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Figure 3. A plot of concentration of monopropylene glycol vs. time, for different
catalyst loadings.

Calculation of Rates

Preliminary experiments indicated that the formation of dipropylene
glycol was negligible during the initial period of the reaction (about 1 hour).
Hence the rate of reaction of propylene oxide can be taken as equal to the
rate of formation of monopropylene glycol. This was also confirmed by
material balance. In each run the concentration of propylene glycol as a
function of time was observed, and the reaction rates calculated from the
slope of concentration vs. time plots. The activity of the catalyst was found
to be constant over the initial period as noticed from the linear variation
of product concentration with time (Figure 3). The homogeneous reaction
was studied independently by carrying out some experiments in the absence
of catalyst.

The dissolved concentration of propylene oxide (analyzed by GC) was
found to be corresponding to the outlet partial pressure of propylene oxide
in all the experiments. Hence the outlet partial pressure of propylene oxide
was used in kinetic analysis. This is important to consider as the conversion
of propylene oxide ranged from 2 to 81%.

RESULTS AND DISCUSSION

Solubllity of Propylene Oxide in Water

For the interpretation of data on a gas-liquid-solid system, the
solubility of the gaseous species in the liquid medium, must be
known. This was determined experimentally for the present system.
The concentration of dissolved propylene oxide in water corre-
sponding to a given partial pressure was estimated by analysis of
both liquid and gas samples. As will be shown later, under these
conditions the mass transfer resistance was absent and hence the
dissolved concentration of propylene oxide represented the solu-
bility. The data obtained at different temperatures are presented
in Table 2. These data were correlated by the following empirical
equation.

TABLE 2. HENRY'S CONSTANT FOR PROPYLENE OXIDE-WATER
SYSTEM

Henry's Const. Henry's Const.

from VLE Data (Experimental)
Temp. H X107 H X104
K Pa-m?kmol~! Pa-m3kmol~!
323 8.8345 8.2035
326 9.7423 10.7643
337 13.6744 15.6372
348 18.7647 17.4190
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TABLE 3. EXPERIMENTAL DATA ON HOMOGENEOUS REACTION

Partial Pres.

of Propylene Oxide Homogeneous

Reaction in Reactor Outlet Reaction Rate
Run Temp. pg X 1075 R X 108

No. K Pa kmol/m3/s
1 337 0.1988 8.885
2 348 0.1593 10.183
3 353 0.1334 12.767
4 359 0.0965 16.083
5 348 0.2060 12.267
6 348 0.2640 14.500
7 348 0.3854 17.833
In H =21.704 — 3347/T (11)

where H’ is the solubility coefficient defined as (p,/A*) and has
the units Pasm3kmol~1. The value of H’ is also equal to

g == pP*
PM

where P* is the vapor pressure of propylene oxide at a given
temperature, 7. is the activity coefficient of propylene oxide at
infinite dilution and py is the molal density of the solution. H' is
related to H as H = H’/RT. The vapor pressure data for propylene
oxide above 40°C was reported by Bott and Sadler (1966) and was
correlated as:

(12)

log (P*/133.2) = 7.658 — 1,472/T (18)

Similarly the activity coefficient 7. at infinite dilution is obtained
from the VLE data reported by Wickert et al. (1952) and is equal
to 29.073. Henry’s constant calculated by this method agreed well
with the experimental data within 10% (Table 2).

Homogeneous Reaction

To determine the kinetics of the homogeneous reaction of pro-
pylene oxide with water the rates were observed at different partial
pressures of propylene oxide and temperatures (Table 3). Under
the conditions used in this work, the agitation speed bad no influ-
ence on the rate of reaction. Thus the reaction was assumed to be
controlled by chemical kinetics. Also, as one of the reactants (water)
was always in excess, the reaction can be assumed as pseudo n;th
order with respect to propylene oxide concentration. The rate of
reaction can then be represented as (from Eq. 10 at w = 0):

Ag\m —E\(Ag,\™
R, = k _ﬂ) = — £l 14
1=k ( H arexp |\ Ty (14)
The effect of propylene oxide partial pressure on the rate of reac-
tion is shown in Figure 4, which indicates a fractional order de-
pendence. The values of «;, n1, and E,, were obtained by a linear
least-square analysis for the data. The values are:

ay = 1.792 X 108 (m3/kmol)(n1—s™!
E; = 5.148 X 107 ] /kmol
n; = 0.433
The temperature dependence of the homogeneous reaction rate
constant is shown in Figure 5, as a plot of In k; vs. 1/T.
The fractional order with respect of propylene oxide deserves

some comments. Gritter (1967) has proposed the following
mechanism for acid catalyzed hydration of epoxides.

Ot H

fast
HyC—C —C—H + H* —> HyC—C—C—-H

H H H H
OH OH
slow
—> H3C—C—C—H
H20
H H
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Figure 5. Effect of temperature on homogeneous reaction rate constant.

The rate equation based on this mechanism, assuming second step
to be rate-controlling, is of the form

_ ki (H*)A)
T4 =———
Kn + 4
which is similar to Michaelis-Menten kinetics for enzyme reactions.
This type of rate models can also be approximated as a power law
model with a fractional order with respect to the reactant A. The

observed fractional order with respect to A in this work is therefore
consistent with the above mechanism.

(15)

Overall Reaction Rates

The effects of different parameters on the overall rate of reaction
(with catalyst) was studied, and the experimental data is presented
in Table 4. The effect of catalyst loading is shown in Figure 6 for
348 K and an inlet propylene oxide partial pressure of 0.3040 X 10°
Pa. This plot is approximately a straight line at lower catalyst
loadings with a significant intercept which agrees well with the
observed rate of homogeneous reaction in consistent with Eq. 7.
The data at higher catalyst loadings deviate from the straight line
because the effective partial pressure A, also changes with catalyst
loadings.

To determine the order of reaction for the heterogeneous reac-
tion with respect to propylene oxide, a number of experiments were
carried out at different inlet partial pressures of propylene
oxide.

To ensure that the gas to liquid mass transfer resistance is neg-
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TABLE 4. EXPERIMENTAL DATA ON OVERALL RATE OF REACTION

Partial Pres. Net
of Propylene Oxide Overall Heterogeneous
Catalyst Reaction in Reactor Outlet Reaction Rate Reaction Rate
Run Loading Temp. pg X 1073 Ra X 105 Rg X 105
No. kg/m3 K Pa kmol/(m3s) kmol/(m?3.s)
11 33.3 323 0.5269 18.7000 18.0411
12 33.3 324 0.1327 9.6167 9.2375
13 33.3 329 0.1155 10.5330 10.0796
14 33.3 337 0.0947 11.3670 10.7969
15 33.3 353 0.0579 12.0400 11.1458
16 33.3 348 0.0989 15.0290 14.1025
17 33.3 348 0.2067 25.4170 24.1481
18 33.3 348 0.3506 40.9000 39.3086
19 8.3 348 0.1307 4.7510 3.7070
20 16.7 348 0.1067 7.8000 6.8441
21 25.0 348 0.0743 11.4560 10.6369
22 33.3 348 0.0635 12.5610 11.7951
23 50.0 348 0.0399 14.8320 14.2051
28 T T T T T 3 T T
TEMPERATURE : 348 K
INLET PARTIAL PRESSURE TEMPERATURE 348 K
3 OF PO. 0304 %103 Po s CATALYST LOADING 33kg/m3
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Figure 6. Effect of catalyst loading on the overall rate of reaction.

ligible, a few experiments were carried out at different agitation
speeds, keeping the other conditions constant. The effect of stirrer
speed on the reaction rates is shown in Figure 7 for 348 K and a
catalyst loading of 33 kg/m3. From this figure it is seen that in-
creases in agitation speed have no influence on the overall rate of
reaction. This suggests that the gas to liquid mass transfer resistance
is not important. This was also confirmed by comparing the ob-
served rates with the maximum rate of gas-liquid mass transfer
(kpapAgo/H). The ratio [Ra/krag(Ag./H)] was found to be less
than 0.03 for all the runs, thus suggesting the absence of gas-liquid
mass transfer resistance. The value of kyap for these calculations
was obtained from the correlation of Yagi and Yoshida (1975).
Similar calculations were performed to check the influence of
liquid-solid mass transfer resistance. The value of k; was obtained
from the correlation of Sano et al. (1974). The factor [R,/k.a-
o(Ago/H)] for all the data was found to be less than 0.025, thus
indicating that this resistance is unimportant.
To check the significance of intraparticle diffusion, the following
criteria suggested by Satterfield (1970) can be used:
oL = Rofna+1 pp Ry ]0-5
81 2 Dewl(Ag/Hr
for absence of intraparticle diffusional gradients. Here, Rs is the
rate of heterogeneous reaction obtained by subtracting the con-
tribution of homogeneous reaction.

<02 (16)
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STIRRER SPEED, Mz

Figure 7. Effect of stirrer speed on the overall reaction rate.

Rs = Ry (overall) — ky{A g/ H)™ (17)

The values of ¢ calculated assuming ng = 0.55 and D, = De/7T
= 5.8442 X 1020, m2/s (at 348 K), were in the range of 0.4 to 1.5,
thus indicating that intraparticle gradients for propylene oxide
concentration have to be considered.

Therefore, the rate of heterogeneous reaction can be represented
as:

Rg = "7::1'4)k2(Ago/H)"2 (18)

where 7, is given by Egs. 4 and 5. In this equation there are three
unknown parameters, ks, ng and D,. A trial and error method
(search technique) was used to obtain these parameters for the data
at 348 K. The value of D, obtained was 5.8442 X 10710 m2/s. The
molecular diffusivity D, calculated by Wilke-Chang (1955)
equation, is 3.5065 X 1079 m2/s. This suggests a tortuosity factor
value of three. The value of ny (0.55) obtained at 348 K was as-
sumed to be valid at other temperatures also, and the values of kg
was obtained by using Eq. 18. The D, values required here were
calculated from the molecular diffusivity (Wilke-Chang equation,
1955) and a tortuosity factor of three by the relationship De/ 7. The
results of kg and D, at various temperatures are given in Table
5.

The temperature dependence of the heterogeneous reaction rate
constant is shown in Figure 8 as a plot of In ky vs. 1/T. The acti-
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TABLE 5. HETEROGENEOUS REACTION RATE CONSTANTS AND
EFFECTIVE DIFFUSIVITIES

Heterogeneous
Reaction
Rate Constant Effective
ko X 108 Diffusivity
Temp. ms)( m3 )("2—1) o D, x 1010
K kg /\kmol * m?/s
323 7.9495 3.7509
324 9.8496 3.8252
329 13.1409 4.1324
337 19.9630 4.8666
348 40.5920 5.8442
353 43.0054 6.3172

vation energy determined from the slope of this plot, and the fre-
quency factor were found to be

Activation Energy, Eo = 5.338 X 107 J/kmol
Frequency Factor, ap = 3.703
X 10 (m3/kg) (m3/kmol)n2~1 s~!

The activation energies for both the homogeneous and hetero-
geneous reactions are nearly the same. This is not commonly ob-
served and normally the activation energy for the catalyzed re-
action is expected to be lower. However, in the present work it may
be noted that though E values are nearly the same, the frequency
factor («) value observed for catalytic heterogeneous reaction is
significantly higher than that for homogeneous reaction. This is
consistent with some acid catalyzed reactions discussed by Bell
(1941), where it is pointed out that the major cause of changes in
the rate has been due to changes in frequency factor (&) rather than
E. Bell also discusses the probable reasons for such an observation
and points out that in such cases the mechanism of the reaction is
quite complex. Similar observations for other reaction systems are
reported by Ashmore (1963).

SUMMARY

In the present work, intrinsic kinetics of hydration of propylene
oxide using an ion-exchange resin catalyst has been studied. The
kinetics of homogeneous reaction has been separately investigated
and used further to analyze the overall rates of reaction for the
homogeneous-heterogeneous reaction. The solubility of propylene
oxide in water has been determined and a suitable correlation
proposed. The effect of various parameters on the rate of reaction
was investigated, and the rate data were fitted using a power law
model. The homogeneous reaction was found to be 0.43 order with
respect to propylene oxide while the heterogeneous reaction was
found to be 0.55 order. The homogeneous reaction was found to
be chemically controlled in the range of conditions investigated.
The heterogeneous reaction was found to have intraparticle dif-
fusional resistance under certain conditions and hence these data
were used to evaluate simultaneously the intrinsic kinetic param-
eters and the effective diffusivity. A theoretical model for a ho-
mogeneous-heterogeneous reaction has been proposed and it has
been shown that the predicted results agree well with the experi-
mental data. This study provides a general approach to investigate
multiphase (homogeneous-heterogeneous) reactions.

NOTATION

ag = effective gas-liquid interfacial area per unit volume of
slurry, m%/m3

ap = external area of particles per unit volume of slurry,
m2/m3

Page 6 January, 1984

-10-0f-

108

la &y

-11-0p

-120 1 1 1 1 1 1 1
278 288 298 3-08 318

-‘Y-xw‘, k-
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A = concentration of species A at the conditions indicated in
the subscript, kmol/m?3

dp = average diameter of the catalyst particle, m

D = difzfusion coefficient of the diffusing species in the liquid,
m?2/s

D, = effective diffusivity, m?/s

H = Henry’s law constant defined as, A,/A

H’ = Henry's law constant of solubility, Pa/(kmol/m3)

ky = rate constant for homogeneous reaction, (m3/
kmol)m1—1s-1

k' = rate constant in Eq, 15, s™!

ko = rate constant for heterogencous reaction, m3/kg (m3/
kmol)n2-1 g-1

ki = liquid film mass transfer coefficient, m/s

K,, = equilibrium constant in Eq. 15, kmol/m?3

k, = liquid to catalyst particle mass transfer coefficient,
m/s

K; = overall gas to liquid mass transfer coefficient, m/s

L = :ﬁtal height of the slurry above the entrance of gas bub-

es, m

M, = parameter defined as HQ/V (1 — exp(—K agL/u H))

n1,ng = order of homogeneous and heterogeneous reactions, re-
spectively, with respect to propylene oxide

N = speed of agitation of slurry, Hz

Pg = partial pressure of A in the reactor, Pa

pP* = vapor pressure of A, Pa

Q = volumeteric flow rate of gas, m3/s

R = gas constant, J/kmol/K

R,  =radius of the catalyst particle, m

R, = homogeneous reaction rate, kmol/m3/s

R, = net heretogeneous reaction rate, kmol/m3/s
Ry = overall rate of reaction of 4, kmol/m3/s

T = temperature, K

Ug = superficial velocity of gas in the reactor, m/s
\% = total volume of the slurry, m3

w = mass of the catalyst per unit volume of the slurry,

kg/m3

Greek Letters

) = frequency factor for homogeneous reaction, (m3/-
kmol)(r1— -1

ay = frequency factor for heterogeneous reaction, m3/kg
(m3/kmol)(n2—1s—1

Y~ = activity coefficient at infinite dilution

n = overall effectiveness factor of a slurry reactor defined by
Eq. 9

Ne = catalytic effectiveness factor

¢,¢1 = Thiele parameter defined by Eqs. 5 and 16
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pp = density of the catalyst particle, kg/m3

pm = molar density of the solution, kmol/m3
€ = catalyst particle porosity

T = tortuosity factor of the catalyst
Subscripts

g = gas phase

gi = gas entering the reactor

go = gasleaving the reactor

l = liquid phase

8 = external surface of the catalyst

* = gas-liquid interphase
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Theory on Colloidal Double-Layer

Interactions

The potential energy between two interacting colloidal particles is derived by
a knowledge of the energy of interaction of two parallel flat plates. The proposed
method maps pairs of infinitesimal surface elements from the two interacting
bodies to parallel plate-like elements. The results obtained from this theory are

KYRIAKOS D.
PAPADOPOULOS and
HUK Y. CHEH

compared with the Derjaquin approximation for large xR and the Levine and Dube

approximation for small xR.
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New York, NY 10027

SCOPE

An understanding of the forces acting between interacting
particles in a colloidal suspension is essential for the explanation
of the macroscopic phenomena of colloidal stability and coag-

Correspondence concerning this paper should be addressed to K. D. Papadopoules, who is presently
with the Department of Chemical Engineering, Tulane University, New Orleans, LA 70118,
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ulation. Controlled colloida} phenomena may in turn be used
for the reclaiming of precious materials from wastes, water
pollution control, and the production of numerous industrial and
consumer goods.

In many instances the most important interparticle forces are
those which arise from the interaction of the electrical double
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