Unsteady State Diffusion and Selectivity in Gas-Liquid Systems

The aim of the present investigation was to study the
effect of unsteady state mass transfer on selectivity in
heterogeneous systems involving consecutive chemical re-
actions. In many chemical and petroleum processes of
commercial interest, such as the liquid phase oxidation of
hydrocarbon by absorbed oxygen reported by Spielman
(1964), the desired product may be an intermediate in
a sequence of reactions. On the other hand, Veselov and
Sipeeva (1965) showed that an intermediate product may
be undesirable and have to be converted into final prod-
ucts via the consecutive reaction steps. In both cases, it is
important to determine the selectivity or the yield of a
reaction system for the design of such a reactor.

This paper concerns unsteady state gas absorption and
first-order consecutive reactions in a liquid phase with for-
mation of an intermediate product which is volatile. The
problem of steady state mass transfer and selectivity was
discussed earlier by Bridgwater (1967). Szekely and
Bridgwater (1967) also investigated a special case of un-
steady state systems utilizing the penetration model. In
this study, rate and yield equations are derived on the
basis of the film-penetration and surface renewal models.
Factors affecting the selectivity are discussed and a com-
parison is made of results predicted by the steady state
and unsteady state mechanisms.

THEORETICAL DEVELOPMENT

The problem to be considered is a transport process
between gas and liquid phases. As a solute A diffuses from
the gas phase into a liquid element or film at the surface
adjacent to the gas, it is assumed that the following iso-
thermal first-order consecutive chemical reaction takes

place along the path of diffusion.

ki ks
A—->B—->P

The intermediate product B is considered volatile, and so
it may diffuse back into the gas phase or be converted
into the final product P. The unsteady state molecular dif-
fusion is considered to be one-dimensional and mass trans-
fer by convection is unimportant. Thus, the equations of
continuity for the species A and B are

0Ca 92C,
=D — kC 1
Py 4 1Ca (1)
aCg 9°Cp
= kiCs — koC 2
5 B o + k1Cy 2185 (2)

where the reaction rate constants k; and k, and the dif-
fusivities D4 and Dg are assumed constants. In accordance
with the postulation of the film-penetration theory dis-
cussed by Huang and Kuo (1963) for example, the film or
the liquid element has a finite thickness and the initial and
boundary conditions can be stated mathematically, as,
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x>0, t=0, C4=C4s,, Cp=Cp (3a)
x=0, t>0, Cs=Ca, kesHp(Cp® — Cgly=y)
aCp |
= — Dy — (3b)
=0

x=L, t>0, C,=Cy, Cp=Cp (3¢)

By applying the surface age distribution of Danckwerts
(1970), the average rate of absorption of species i can be
derived from

__ J‘w aC;
Ni=-Dis) — exp (— st)dt (4)
ox

z=0

Thus, the expression for the rate of absorption of A is
found to be

Na=ky (Ca; — Car) [1 + M coth? a]* tanh a/
tanh [a(1 + M cothza)*] (5)

where the liquid phase mass transfer coefficient without
chemical reaction is

ki, = \/Dys coth a (6)

Finally, the yield of the intermediate product B is derived
to be

Y = —Np/N,

_ MD mgy

mD — my

tanh «
1— (Msecho+ m; — M)CAL/(mchi)

-M
(—1+ <sech/3+n—ll——(1—sech/3>
mg
C D — C D—-my; Cp®" \ )
< AL + my my BL _ my my B Jf
CAi M CAi M CAi
7)

-{b\/m—l—

(
where
my = M 4 tanh?a (8)
my = KM + tanh2a (9)
a=1\/my - acotha (10)
B:—.\/-g—z-acotha (11)

LIMITING CASES

Equations (5) and (7) are developed on the basis of
the film-penetration concept. When the surface renewal
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Fig. 1. Factors controlling the yield.

rate approaches zero, the film theory prevails, and the
yield can be obtained by substituting s = 0 in Equation
(7):

VvK/D
bWRM/D + tanh \/KM/D
B tanh \/M <_1 + CaL

1 — Ca sech\/M/Cy; Cai

c _
+ (D —K) C"> sech \/KM/D

o

Ai

— (D - K) CB"‘/C9 }} (12)

Equation (12) is the same as that derived by Bridgwater
(1967) and Szekely and Bridgwater (1967) based on
steady state molecular diffusion and consecutive reaction.

On the other hand, if the phase element is renewed at
a very rapid rate, the surface renewal model is valid, and
the expression for the yield can be obtained by substituting
L = e in Equation (7)

yo MD
T (1+ M)D— (1+ KM)
{1_ VI + RM7T{ + M)D]
{1+ KM)/D + 1

1
WIFTM—
[ 1= Car(l + M)/Ca;
(1+C"L L L <+MD- (1+KM)>
Ca: 1+KM

Cae 1 SN/ (13)
Cm’ 1+KM CAi

YIELD OF THE INTERMEDIATE

The theoretical equations developed in the previous sec-
tion can be applied to investigate effects of various parame-
ters on the yield of the intermediate. These physical and
chemical properties can be grouped into four dimension-
less quantities b, D, K, and M and three concentration
ratios Car/Cai, Cpr/Cai, and Cp®/Ca;. For most cases,
the interfacial concentration of A is much larger than the
concentrations of A and B in the liquid bulk and the con-
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centration of B in the gas bulk. Therefore, influences of
these concentration ratios are ignored in calculating theo-
retical yields. Calculated results indicate that the inter-
mediate product is transported back into the gas phase
(values of the yield are positive).

In Figure 1, the yield is plotted against the dimension-
less quantity b which is a measure of relative importance
of resistances in the gas and liquid phases; the gas phase
resistance of component B is negligible when b approaches
zero. The yield decreases with the increase of b as ex-
pected, since a higher resistance in the gas phase (smaller
gas phase mass transfer coefficient) would have adverse
effects on the desorption of the intermediate. The influence
of the diffusivity ratio D = Dy/D, can also be examined
from results shown in Figure 1. By comparing the values
predicted by a theory at a fixed value of b, we found that
the yield is enhanced by the diffusivity ratio. This is rea-
sonable since the mass transfer rate of a species increases
with its diffusivity and a high diffusivity ratio (Dg > Dj)
provides a favorable condition for the transport of the in-
termediate. It should be mentioned that if b is fixed and
D is increased, then kgp/k; must increase approximately
in proportion to D. Hence, an increase in yield at constant
b is not due exclusively to an increase in D.

The effects of K and M on the yield are shown in Figures
2, 3, and 4 for cases of different diffusivity ratios. In these
figures, Y is plotted against \/M to illustrate asymptotic
behaviors of the yield at very large and very small values
of /M. For a given set of K and D, the yield increases as
/M increases because of strong influences of chemical re-
actions. A further examination of the theoretical equations
shows that in a heterogeneous system the maximum yield
of the intermediate product can be achieved by choosing
conditions such that b < M=% and K > M™! at a fixed
value of M. If the intermediate is the desired product,
then, complete conversion to B is attainable at large M
values when K/D is much smaller than unity. The results
observed here are in general accord with the conclusions
of Bridgwater (1967). The rates of conversion and selec-
tivity were also discussed by Carberry (1962), Harriott
(1970), Van de Vusse (1966), and others for cases where
the intermediate product is considered nonvolatile.

COMPARISON OF THEORIES

A fair appraisal of an unsteady state model is not possi-
ble in the work of Szekely and Bridgwater (1967) because
their solution for the penetration theory was derived by
neglecting the effects of the diffusivity ratio, the resistance
to mass transfer in the gas phase and other factors. Never-
theless, they found that the yields predicted by the film
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Fig. 2. Comparison of theories for cases of equal diffusivities.
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Fig. 4. Comparison of theories for diffusivity ratio less than unity.

and penetration models may differ by as much as 23%
in the particular case considered. This result suggests that
the theoretical yield of the intermediate may be sensitive
to a model or theory applied to postulate the mechanism
of mass transfer, Therefore, an extensive comparison of
the steady state and unsteady state models is needed. One
of the advantages of the film-penetration model is that the
equation derived on the basis of this concept can be re-
duced to those based on simplified assumptions as demon-
strated in an earlier section. Since this model takes the film
and surface renewal theories as the limiting cases, it is only
necessary to present results calculated by Equations (12)
and (13) in order to investigate the upper and lower limits
of the steady state and unsteady state solutions.

In a previous study for mass transfer and simple reac-
tions, Huang and Kuo (1963) concluded that the maxi-
mum deviation among the models is 9% in the predictions
of the absorption rate of A. The yield of B, however, is
very sensitive to the theory as can be seen in Figure 1.
Considering Case 1 given in this figure, a value predicted
by the surface renewal theory can be several times larger
than that calculated by the film theory for a given set of
the physical and chemical parameters. For example, the
surface renewal and the film theories predict the yield of
0.404 and 0.082, respectively, at b = 10 for this case.
Therefore, the choice of a diffusion model is critical in
the prediction of the desorption rate of the intermediate.
Figure 1 also illustrates that the maximum deviation among
the theories occurs at a moderate value of b. Results pre-
dicted by the various models may not be distinguishable
if KM >> 1 and b [KM/D]% << 1.

For special conditions of D = 1 and b = 0, the solu-
tion of the penetration theory was derived by Szekely and
Bridgwater (1967), and the predicted results are com-
pared with that calculated by the equations developed in
this study as shown in Figure 2. As expected, the values
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predicted by the penetration mechanism fall between the
values calculated by the film theory and the surface re-
newal theory. The deviations among the theories are
rather small for these special cases of equal diffusivities
compared with other cases shown in Figures 3 and 4.
Again, this finding suggests that it is of significance to
select a proper model to compute the theoretical yield if
the diffusivities of the reactant and the intermediate are
different. These figures also indicate that the deviation
among the theories is insignificant when the rate of first
step reaction is much slower than the rate of physical ab-
sorption of A. Under this circumstance (M -> 0), the
yield approaches zero as predicted by all models. Another
interesting observation is that depending upon combined
values of the dimensionless quantities, the unsteady state
model may predict a yield either larger or smaller than
that calculated by the steady state model. This phenome-
non also was observed in the report of Szekely and Bridg-
water (1967).

The enhancement of mass transfer by simple chemical
reactions is well known in the literature. When the molecu-
lar diffusion is accompanied by a first-order simple reac-
tion, the absorption rate of the reactant is directly propor-

tional to \/M at large values of M as discussed by Danck-
werts (1970) and others. This is a reason that the yield

is plotted against VM in Figures 2, 3, and 4 for the con-
venience of studying the influence of consecutive reactions
on the desorption rate of the intermediate. As can be seen
in these figures, the theories converge to a constant asymp-
totic value for a given set of the physico-chemical parame-
ters at large M values. This result confirms that if M is
large, the desorption rate of the intermediate as well as
the absorption rate of the reactant is directly proportional

to VM.

CONCLUSION

The film-penetration model has been applied to predict
the yield of intermediate product for systems of gas ab-
sorption accompanied by first order consecutive reactions.
The equation developed on the basis of this mechanism
can be simplified to give solutions of the film and the sur-
face renewal theories.

It is found that the maximum yield of the intermediate

can be achieved at large M values if KM > 1 and b\/M
< 1. Furthermore, complete conversion to the intermediate
is possible when K/D is much less than unity. Results of
this study also indicate that the desorption rate of the

intermediate is directly proportional to VM if the rate of
the first step reaction is much faster than the physical ab-
sorption rate of the reactant.

Comparisons of the steady state and unsteady state
models show that the theoretical yield is very sensitive to
a mechanism adopted to postulate the diffusion process. In
some cases, the theories predict values of different order
of magnitude for a given set of the physical and chemical
properties. The deviation among the models, however, is
insignificant if KM >> 1 and b [KM/D]% << 1 or if
M is very small.

NOTATION

a
b

[sL2/D,]", dimensionless group

ki.Dg/ (kgsHgD4), ratio of liquid side mass trans-
fer coefficient to gas side mass transfer coefficient
for physical absorption of B

Cs = concentration of the reactant A

Ca; = interfacial concentration of A

il
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Car. = concentration of A in liquid bulk

Cg = concentration of the intermediate B

Cg® = concentration of B in liquid for it to be in equi-
librium with the gas phase

Cs. = concentration of B in liquid bulk

D = Dg/D,, diffusivity ratio

D, = diffusivity of A in liquid phase

Dg = diffusivity of B in liquid phase

Hp = Henry’s Law constant for B

K = ky/ky, rate constant ratio

k; = first-order rate constant in the first step reaction

ke = first-order rate constant in the second step reac-
tion

kes = gas side mass transfer coefficient of B for physical
absorption

kr = liquid side mass transfer coefficient of A for phys-
ical absorption

L = average thickness of a liquid element or film

M = kDa/k.? dimensionless group

my; = dimensionless group defined by Equation (8)

my = dimensionless group defined by Equation (9)

Na = average chemical absorption rate of A

Ng = average chemical absorption rate of B

s = surface renewal rate

t = time

x = distance

Y = — Ng/Ng, yield of the intermediate B in a
heterogeneous system

dimensionless group defined by Equation (10)
dimensionless group defined by Equation (11)

o
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Measurement of Interfacial Tension During the Absorption of Carbon

Dioxide into Monoethanolamine-Water Mixtures

Using an Oscillating Jet

The origin of interfacial turbulence and spontaneous
agitation of the interface between two unequilibrated
liquids has been explained by Sternling and Scriven
(1959) in terms of the Marangoni effect, wherein move-
ment in an interface is caused by longitudinal variations
of interfacial tension. They proposed that interfacial tur-
bulence was a manifestation of hydrodynamic instability
caused by small random fluctuations about the interface.
By desorbing an inert tracer propylene simultaneously
with the absorption of carbon dioxide into monoethanol-
amine (MEA) in a short wetted-wall column, Brian et al.
(1967) showed that the physical mass transfer coefficient
was increased substantially over that predicted by the
Penetration theory and attributed this increase to inter-
facial turbulence driven by surface tension gradients.
Thomas (1966) studied the absorption of carbon dioxide
into aqueous MEA in a laminar jet and showed that the
reaction of importance for short exposure times was that
in which the carbamate is formed:

Correspondence conceming this Note should be addressed to A. B.
Ponter.
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CO; + R - NHy =R - NH - COOH
=R-NH-COO + H*

Later, with Mck. Nicholl (1969), the interfacial turbu-
lence produced by this reaction was examined using an
optical method, with a wavefront shearing interferometer,
where it was shown in a stagnant pool of 2.5 M. MEA
that a minimum time of 4.5 seconds elapsed before tur-
bulence occurred. Danckwerts and Silva (1967) have
investigated the surface instability produced during the
absorption of carbon dioxide by MEA solutions by mea-
suring the surface tension of the reacting amine solution
using an oscillating jet. No increase in surface tension
was observed, although an increase was recorded using
static measurements and this increase was attributed to
the ionic nature of the reaction products. Ruckenstein
(1970) has qualitatively shown, using a roll-cell model,
that a small-scale turbulence of small intensity due to
Marangoni instability leads to a large increase in the
rate of mass transfer of the same order of magnitude as
that reported by Brian et al. (1967). In a subsequent
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