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A method for determining the overall effective diffusivity in supported liguid-
phase catalysts is proposed. Use of the method requires isobaric diffusion measure-
ments in nonreacting systems with variable liquid loadings in the porous support.
This information along with a model can be used to predict the liquid loading
required to give a maximum reaction rate in diffusion-limited reacting systems.

The study presented here was limited to the molecular mass transport regime.

NOMENCLATURE

Component A.

Component B.

Molar concentration in the gas
phase (g-moles/cm?®).

Constant dependent only upon
structure of porous support and
giving relative Knudsen flow per-
meability (em).

Constant dependent only upon
structure of the porous support and
giving ratio of molecular diffusivity
within the porous support to the
free gas diffusivity at ¢ =0, di-
mensionless.

Parameter dependent upon the lig-
uid-loading parameter q and giving
ratio of molecular diffusivity within
the liquid-loaded support to the
free gas diffusivity, D.®/Dag, di-
mensionless.

Molar concentration of component
A In the gas phase at Z =20
(g-moles/cm?).

Liquid-gas diffusivity-ratio param-
eter defined by Eq. (12), dimen-
sionless.

Molecular diffusivity of species A
in the liquid phase (em?/sec).
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Free gas mutual diffusivity in a
binary mixture of components A
and B (em?/sec).

Pressure independent mutual dif-
fU.SiVity defined as DABO = DABP
(dyn/sec).

Overall effective diffusivity in a
liquid-loaded support (cm?/sec).
Gas-phase contribution to the over-
all effective diffusivity in a liguid-
loaded support {(em?/sec).
Liquid-phase contribution to the
overall effective diffusivity in a
liquid-loaded support (em?/sec).
Effectivencss factor defined by Eg.
(8), dimensionless.

Grouping of terms defined by Eg.
(23), dimensionless.

Henry’s constant, representing the
ratio of the molar concentration of
component A in the liquid phase to
its molar concentration in the gas
phase (em? gas/em? liquid).
First-order reaction rate constant.
in supported liquid-phase catalysts
(sec™),

Effective Knudsen diffusivity de-
fined as Ky = Ci(R,T/M )2 (cm?/
sec).

Mixture effective diffusivity defined
as K, = yaKs + ysKa (cm?/sec).
Either the length or the half thick-
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ness of an infinite slab of the pel-

leted support (cm).

Molecular weight (g/g-mole).

Molar flux (g-mole/cm? sec).

Total pressure (dyn/cm?).

Liquid-loading parameter, repre-

senting the ratio between the actual

amount of liquid dispersed to the

maximum amount needed to fill the

porous support at atmospheric pres-

sure, dimensionless,

The value of ¢ at which 7', reaches

a maximum while v’ and D’ are

held constant, dimensionless.

r Reaction rate per unit surface area,
defined by Eq. (14) (g-mole/sec cm?).

7’ Reaction rate defined by Eq. (16),
dimensionless.

R, Gas constant, 8.31 X 107 (ergs/g-

T
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mole-°’K).
Absolute temperature (°K).
Mole fraction.
AL Mole fraction of component A at
Z = L in the pelleted support.
Ya, Mole fraction of component A at
Z = 01in the pelleted support.
VA Distance in direction of mass trans-
fer (cm).
€ Porosity of the solid support, repre-
senting the volume of liquid needed
to fill the porous support per unit
volume of the porous support,
dimensionless.
¢ The Thiele modulus in supported
liquid-phase catalysts, defined by
Eq. (9), dimensionless.
@ The Thiele modulus ¢ evaluated at
g =g as given by Eq. (18), di-
mensionless.
The molecular Thiele modulus in
supported liquid-phase catalysts,
defined by Eq. (11), dimensionless.
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Subscripts

Component A.
Component B.
Value at Z = L.
Mixture.
Molecular.
Value at Z = 0.
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Superscripts
G Gas phase.
L Liquid phase.

INTRODUCTION

A theoretical treatment, followed by ex-
perimental verification, of diffusion-limited
reactions in supported liquid-phase cata-
lysts has been given by Rony (1, 2). His
pioneering work prompted us to initiate the
work presented here.

Use of supported liquid-phase catalysis
is relatively new. One of its advantages is
the creation of high gas-liquid interfacial
areas and short liquid-phase diffusion paths.

Although the theoretical model proposed
by Rony (1) has not been fully verified
experimentally, it is in agreement with his
experimental data on a hydroformylation
reaction (2). A disadvantage of Rony’s
model, however, is the fact that it contains
two adjustable constants which can only be
determined from experiments with reaction
occurring in the supported liquid-phase
catalyst. Since these adjustable constants
have no known physical meaning, it is
probable that they will vary from one re-
action system to another. This currently
prevents Rony’s model from being predie-
tive, although the basie concept is novel.

The approach presented here is somewhat
different from Rony’s and, from our point
of view, appears to have several advan-
tages. The model proposed relies on experi-
mental data obtained from several isobaric
diffusion experiments in nonreacting sys-
tems. This information, in conjunction with
our model, can then predict diffusion limi-
tations on reacting systems in supported
liquid-phase catalysts. The only constant
in the proposed model does have physical
meaning. It characterizes the porous sup-
port and is independent of reacting species.

Another major advantage of our model
is its ability to adequately treat systems
in which the liquid has been dispersed in
a nonideal porous support. This is in con-
trast with Rony’s approach, which theo-
retically treats the porous support as an
ideal bundle of pores and then forces the
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mode! to include nonideal porous supports.
A theoretical extension of his model to non-
ideal supports might require a third ad-
justable constant.

THEORY

In supported liquid-phase catalysis, the
liquid is used as a carrier of the catalyst
and often is dispersed in an inert porous
solid. A typical gaseous reactant, A, dis-
solves in the liquid and then reacts homo-
geneously in the presence of the dissolved
catalyst to produce a gaseous product, B.

The dispersion of the liquid reduces the
diffusion resistances in that phase signifi-
cantly. However, by only partially filling
the porous matrix with liquid, the dif-
fusional transport of gaseous reactant, A,
still oceurs mainly in the gas phase.

The system under consideration here is
an infinite slab of porous support which is
partially or fully loaded with liquid cata-
lyst. A first-order, homogeneous reaction,
A — B, is assumed to occur in the liquid
bulk. In this system, the gas phase can be
pictured as interconnected channels of free
space. On the other hand, the liquid phase
can be considered as a large number of
liquid domains randomly distributed in the
solid matrix. A theory describing the be-
havior of the above system is based on the
following assumptions:

1. Regardless of whether or not the por-
ous support is highly nonideal, it is as-
sumed that the diffusion fluxes in both the
gas and liquid phases are one-dimensional.

2. At any cross-section in the porous
structure, the liquid phase is in physical
equilibrium with the gas phase.

3. The solid matrix is inert relative to
reaction and adsorption of species A and
B. Consequently, surface diffusion and
heterogeneous reaction are not included in
the model.

Since the transport in the gas phase can
oceur by either molecular diffusion or
Knudsen diffusion or both, the treatment
here is limited to transport by molecular
diffusion only. The flux of reactant A by
molecular diffusion in the gas and liqud
phases can be described by Eq. (1):
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where D 1s the overall effective diffusivity
in the system described above. To theo-
retically predict D.; would be extremely
difficult, simply because of the geometric
complexities of the system under considera-
tion. Therefore, a semi-empirical approach
for relating the effective diffusivity to
liquid loading is adopted in this study.

From our steady-state diffusion experi-
ments in liquid-loaded pellets with diffusion
taking place only in the gas phase, the
relationship between the ratio of the gas-
phase effective diffusivity to molecular dif-
fusivity and liquid loading can best be
described by Eq. (2):

DeffG
DAB

where D% is the gas-phase effective dif-
fusivity in a liquid-loaded pellet; D,g is
the binary molecular diffusivity of A or B
in free space; C, is one of the dusty-gas
constants (3) which depends only on the
structure of the solid support; and finally,
q is the liquid-loading parameter represent-
ing the ratio between the actual amount
of liquid dispersed to the maximum amount
needed to fill the porous pellet at atmos-
pheric pressure. The data justifying Eq.
(2) are reported in this paper.

At this point, an additional assumption
in the model relates liquid loading to the
ratio of the liquid-phase effective diffusivity
to the molecular diffusivity in a manner
similar to that used for the gas phase. This
is given by Eq. (3):

= Gl — ¢, (2)

(3)

where D" 1s the contribution, to the
overall effective diffusivity, resulting from
diffusion fluxes in the liquid phase. It is of
interest to note that Eq. (3) is in full
agreement with the findings of Satterfield,
Ma and Sherwood (4) concerning effective
diffusivities in liguid-filled porous pellets
where ¢ = 1. The inclusion of Henry’s
constant H in Eq. (3) is required to obtain
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the fluxes in the liquid phase based on gas-
phase concentration gradients.

It is further assumed that the overall
effective diffusivity equals the sum of the
contributions from the gas and liquid
phases. This is described by Eq. (4):

Degs = Degi® + Des™
= (bDxr(1 — ¢)* + C:DAYHg®. (4)

Having established the overall effective
diffusivity, the component balance equation
for an infinite slab of supported liquid-
phase catalyst is given by Eq. (5):

d*Ca
eff dZZ

which is subject to the following boundary
conditions:

D — k"HegCs = 0, (5)

at Z = 0, Ca = Ca, (6)
— dCA —
at Z = L, 'd7 = 0. (7)

The inclusion of Henry’s constant in Eq.
(5) is required since reaction occurs in the
liquid phase whereas the concentration of
the reactant is defined for the gas phase.

The solution to Eq. (5) with the bound-
ary conditions gives the effectiveness factor,
as shown in Eq. (8):

tanh ¢
, 8
p (8)

where ¢ is a Thiele modulus defined by
Eq. (9) as,

]”H 1/2
¢=L (CD ffq> ' ®

Substituting Eq. (4) into Eq. (9) gives,

E:

q 1/2
- (10
X((l—q>2+<DALH/DAB>q2) (10)
We can define the molecular Thiele

modulus as,
E”"He \'?

'y =L ’ 11
Y M <C2DAB> (11)

and also define a liquid-gas diffusivity-
ratio parameter as,
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Dag
Substitution of Eg. (11) and (12) into
Eq. (10) gives,

(12)

¢ = (13)

1/2
‘Y'M( q‘ ) .
1—2¢+¢(1+ D)

The actual reaction rate per unit surface
area is given by Eq. (14):

ra = 2ELeHEk"C A q. (14)

By substituting Eq. (8) into Eq. (14) we
obtain,

ra = 2LeHN"Cpq 2009,

(15)

Finally, a dimensionless reaction rate can
be defined as,

T’A — ‘Ta — q tanh ¢
SLeHk"Ca, %

One of the main purposes in formulating
this model is to determine at what value
of g the dimensionless rate, ', reaches a
maximum. This was also done by Rony
(2).

Equating the derivative of r’y, with re-
spect to g to zero establishes a value of §
at which a maximum in ', occurs. The
result of equating dr'a/dq to zero is given
by Eq. (17):

(1 —tanh®¢) ¢ — @1+ D)
4tanh ¢ 1 — @1 + D)
(17)

(16)

1 _
1+¢

where & is given by Eq. (18):

., g 21/
‘5‘”[1—2q+g72(1+0’>} 9

It is interesting to note that the solution
of Eq. (17) yields § as a function of only
two parameters, namely the molecular
Thiele Modulus, y'», and the liquid-gas
diffusivity-ratio parameter, D’. For the case
in which D’ € 1, and the reaction is very
fast, the solution of Eq. (17) yields ¢ as
a function of only the molecular Thiele
modulus. For a slow reaction, however, a
very small value of D’ is important in
determining §.
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EXPERIMENTAL PROCEDURE

The measurements of effective diffusiv-
ities in lNanid-lanaded po”pfe wag accOom-

plished by\{using a highly modified version
of the Wicke-Kallenbach diffusion cell (5).
A detailed deseription of the apparatus is
given by Abed (6). Steady-state, isobaric
diffusion experiments were conducted in
the cell using helium and nitrogen. The
porous support consisted of 14 X 14, e-

alitming T7092 commerein]l nollotes mann
aiuminag, i-

factured by the Girdler Catalysts Division
of Chemetron Corp. The Girdler T-708
pellets are fairly macroporous; and thus,
operating at pressures above 300 psig in-
sured that the transport was dominated by
molecular diffusion.

One of the problems eneountered in this
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dispersed in the porous pellet. First of all,
it is important to choose a liquid that does
not dissolve the nonpolar diffusing gases,
helium and nitrogen. This allows the dusty-
gas model to describe isobaric diffusion in
liquid-loaded pellets. Secondly, the liquid
chosen must be chemically and physically
inert to the diffusing gases, so that phe-
nomena such as surface interactions be-
tween the diffusing gases and the liquid do
not oceur, thus eliminating surface dif-
fusion. Thirdly, it is important to choose
a liguid with low vapor pressure. This
minimizes its evaporatlve losses when ex-
posed to diffusing gases. A liquid which
satisfactorily meets the above requirements
is cthylene glyeol, which is moderately
polar. Tt was therefore chosen for dispersion
in the Girdler T-708 pellets.

To achieve a uniform dispersion of the
the uuylene
glyeol was first dissolved in acetone, fol-
lowed by immersion of the pellets in this
solution for a period of at least 2 hr. The
pellets were then placed in a vacuum
chamber for 1 hr to remove the acctone,
leaving the ethylene glycol reasonably well
dispersed.

With this choice of an experimental sys-
tem, the flux measurements were directly

usable to determine the parameter, C,¢,

ga | Pl AN ~13
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from the dusty-gas model. This treatment
is discussed below.

Evans, Watson and Mason (3) have de-

rived the Aux ecuation for izobarie diffusion
rivea the flux equation tor 1sobarie difusion

in dry porous structures, based on the
dusty-gas model. Sinee the liquid phase is
inert In the system under consideration, the
same equation can be applied to deseribe
The

diffusion in liquid-loaded pellets.
dusty-gas model is given by Eq. (19):
N CoDag K AP Wa e

~—

NpA = —

(CoDas’ + K.P)R,T 47~
The boundary conditions for Eq. (19) are,
at Z = 0, Ya = Yay (20)
at Z =L, ya = ya. (21)

Substitution of Egs. {20) and (21) into
the integrated form of Eq. (19) gives,

N, — PCZDABl [1 — Gya, + C2DAB/KA]
AT R,TLG 7| 1T = Gya, + CoDan/Ka |
(22)
where (7 is given by,
=14 Ng/Nuy =1 — (Ms/Mp)"2.  (23)
If the transport is by molecular diffusion
only, C, DAB/KA becom s very small; and
Eq. (22) reduces to,
PCyDag GZ/AL:(
Na = R,TLG In { Gya, (24)

Equation (24) can be used only if molec-
ular diffusion is dominafing. It is note-
worthy that Eq. (24) can be used to de-
termine the value of €, from a single,
isobarice diffusion experiment, It is also im-
portant to note that C, will remain constant
as long as the dry, porous structure re-

mains unchaneced. If the svstem shanoad
malins uncenanged. i e system 1s ¢nangeaq,

such as by adding liquid, C, for the dry
pellet 18 no longer the constant of that
system and must be repiaced by C,.% The
latter is a constant in a certain liquid-
loaded pellet, but it will be subject to
changes if the liquid-loading parameter
and/or pattern of dispersion changes. How-

we do not at thie earlv ataegs foel
Wwe G0 IOv a4y uwils Carniy suvage ile

that C,% is a strong function of the dis-
persion pattern. Relative to the ligquid-
loading parameter, when ¢ = 0, C,% = C,

oyvor
TVOlL,
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which characterizes the dry matrix only.
On the other hand, when ¢ = 1 or when
the pellet is fully loaded with liquid, C,¢
attains its minimum value of zero. Per-
forming a series of isobaric diffusion ex-
periments thus enables one to determine
the variation of C,¢ with the liquid-loading
parameter, g.

REsvLTs aAND Discussion

Figure 1 shows the changes in the dif-
fusion fluxes of nitrogen per unit mole frac-
tion difference with changes in the liquid-
loading parameter, g. Since the difference
in mole fraction of nitrogen across the
pellet was not the same for all the data
points, the normalized nitrogen fluxes in
Fig. 1 were obtained by dividing the meas-
ured fluxes by the mole fraction difference.
As expected, the fluxes reach a maximum
value at g = 0. Each experimental point
was obtained from a single, steady-state,
isobaric diffusion experiment; and all the
data points in Fig. 1 were taken at pres-
sures above 300 psig to insure transport
only by molecular diffusion.

It is important to note that the meas-
ured flux ratio of helium and nitrogen came
within £2% of the theoretical flux ratio of
2.65 as predicted by the dusty-gas model.
This is a strong indication that the dusty-
gas model behaves very well in describing
diffusion in liquid-loaded porous pellets. It

Fic. 1. The effect of liquid loading on nitrogen

flux in isobaric diffusion experimenis.
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also indicates that the ethylene glycol in
our system was inert, so that no surface
diffusion took place.

Equation (24) was used to evaluate C,¢
for each data point, and Fig. 2 shows the
variation of C,% with the variable, 1 — q.
In this case, C;% has a value of zero at
(1—¢q) =0 and a value of C.¢=0C, =
0.35 at (1 — q) = 1. The solid curve is a
parabola and is given by Eq. (25):

CzG = 02(1 - q)z (25)

Comparing Eq. (25) with Eq. (2), we see
that C.% = D%/ Dss. Regression analysis
on the data points and on Eq. (25) shows
excellent agreement up to ¢ = 0.5. Above
this value, the data points deviate slightly
from the parabolic behavior indicated by
Eq. (25). It is noteworthy that the para-
bolie dependence of C.% on g simplifies the
treatment significantly, because C, is the
only constant that requires determination
in order to define the system of liquid-
loaded pellets under consideration.

Figure 3 shows the relationship between
the dimensionless rate of reaction, /4, and
the liquid-loading parameter, g, for dif-
ferent values of the molecular Thiele
modulus, y'y. In Fig. 3, the liquid-gas dif-
fusivity-ratio parameter is constant at a
value of D’ = 1075 The lowest curve cor-
responds to y'y = 6, which is an indication
that the reaction is fast and diffusion
limited. For this case, the optimum value
of the liquid-loading parameter occurs at
g = 0.33. The middle curve in Fig. 3 is

Fic. 2. The variation of the gas-phase effective
diffusivity with liquid loading.
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F1a. 3. The variation of the reaction rate with
liquid loading showing the effect of the molecular
Thiele modulus.

based on y'y = 1 and shows that the opti-
mum liquid loading occurs at ¢ = 0.5. In
this case, the rate of reaction is considered
mild, and diffusion limitations still exist.
Finally, the upper curve in Fig. 3 cor-
responds to y’y = 0.1, which is an indica-
tion of a very slow reaction. Consequently,
the optimum liquid loading has a high value
of § = 0.96. In this case, diffusion limita-
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tions are small. Tt is noteworthy that, when
the reaction becomes very slow with no
diffusion limitations, the effectiveness fac-
tor becomes unity; and, according to Eq.
(16), the reaction rate, r'4, equals q.

An important observation from Fig. 3 is
the fact that for a fixed value of g, the
rate of reaction, #’,, increases with decreas-
ing y'y. This is explained by the fact that
for large v'x the reaction occurs in the outer
portion of the pellet; and for decreasing vy,
it occurs deeper in the pellet, thus using
larger liquid volume.

Figure 4 shows a plot of the optimum
liquid loading, ¢, for a first-order reaction
versus the Thiele modulus, y'y, at different
values of the hquid-gas diffusivity-ratio
parameter, [)’. At very small values of vy,
the reaction is very slow so that diffusion
limitations are small and hence § is large,
approaching unity. As the molecular Thiele
modulus becomes larger, the reaction be-
comes faster; the diffusion limitation is
more significant; and § becomes smaller.
An interesting result of this analysis is the
indication that, for a molecular Thiele
modulus larger than 5, § has a constant
value of 0.33.

Figure 4 also shows the effect of changing
the liquid-gas diffusivity-ratio parameter,
D’. 1t appears that, for values less than
0.001, it has no effect on the function re-
lating ¢ with 'y for y'% > 0.1. The upper
line of the two diverging curves corresponds
to D' = 0.01. It is expected that, for D’ >
0.01, the influence of D’ on § vs 3’y would
become much more noticeable.
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Fia. 4. The variation of the optimum liquid loading with the molecular Thiele modulus showing the

effect of the liquid—gas diffusivity-ratio parameter.
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CONCLUSIONS

In supported liquid-phase catalysts, as
pointed out by Rony (7), the dispersion
of liquids in porous supports adds addi-
tional complications to the transport of
materials within each system. Our work
suggests that effective diffusivities in liquid-
loaded pellets should be determined from
experimental information on diffusion fluxes
in conjunction with the dusty-gas model,
rather than from predictive models which
rely on additional measurements such as
pore-size distribution in liquid-loaded pel-
lets. These latter measurements would be
nearly impossible.

The correlation, which is given by Eq.
(2), characterizes the support that was
under investigation. Generalizing its useful-
ness for other porous supports is currently
beyond the scope of our work. However,
this correlation can easily be obtained for
any other porous support which is to be
considered.

The important contribution of this ap-
proach is the fact that, once the effective
diffusivity in liquid-loaded pellets is cor-

ABED AND RINKER

related with the liquid-loading parameter,
g, the model will predict the behavior of
a supported liquid-phase catalyst in the
presence of chemical reactions.
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