
Liquid Phase Mass Transfer with Comdex Chemical Reaction I 

Very little information has been available in the litera- 
ture concerning mass transfer accompanied by complex 
chemical reaction (3). Thus, it has been a common prac- 
tice in the past to approximate a combination of complex 
reactions by an overall single reaction in the prediction 
of the mass transfer rate. This approximation, however, is 
not always adequate. For example, Rehm et al. (9) mea- 
sured the rate of carbon dioxide absorption by dilute 
sodium hydroxide solution. They reported that two con- 
secutive reactions were involved in this system and that 
the rate equations based on the model of molecular diffu- 
sion with one reaction could not be used to predict accu- 
rately the experimental data. Therefore, a theoretical study 
on the subject of simultaneous mass transfer and complex 
chemical reaction is desirable. The present work was un- 
dertaken to fulfill this need. 

Another objective of this study is to investigate the 
effect of the ratio of the intermediate product diffusivity to 
the reactant diff usivity on theoretical predictions of mass 
transfer rate for cases of simultaneous molecular diffusion 
and complex chemical reaction. This effect is very pro- 
nounced if the molecular diffusion is accompanied by a 
reversible chemical reaction ( 6 )  ; the theories deviate 
significantly in predictions of mass transfer rate when the 
diffusivities are different. On the other hand, the theories 
agree well for cases of mass transfer accompanied by ir- 
reversible chemical reaction (5, 10). 

On the basis of the film-penetration model, the theoreti- 
cal rate equation has been derived for mass transfer ac- 
companied by first-order complex chemical reactions. As 
will be discussed in the following sections, the rate equa- 
tions for the film theory and for the surface renewal theory 
can also be obtained from this general equation. The 
effects of complex reaction on mass transfer rate will also 
be discussed in this paper. 

THEORY 

The problem to be considered is a transport process 
between gas and liquid phases. As the reactant A diffuses 
from the gas phase into the interface, it is assumed that 
a complex reaction takes place along the path of diffusion 
in liquid phase. A typical complex reaction to be treated 
in this study includes consecutive, reversible, and parallel 
reactions. As a liquid element is exposed in the interface, 
the reactant B from the liquid phase reacts reversibly with 
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the diffusing solute A to form an intermediate product E :  
A +  B + E  

Consecutively, this intermediate product E may react fur- 
ther or may be decomposed to yield the final products. 
The kinetics of this decomposition follows the following 
simultaneous reaction: 

PI 

4 2  

The reactant A may also be capable of reacting with 
some other components from the liquid phase: 

A + Bi* Qi 

A + B z +  Qz 

- - - - - - -  
A + Bm+ Qm 

For many systems, the concentrations of the components 
B, Bt ,  Bz, . . ., Bm in the solution are significantly greater 
than that of the solute reactant. Thus, the kinetics of these 
reactions may be approximated by a first-order or pseudo 
first-order complex reaction with respect to the solute 
concentration. With this simplification, these reactions may 
be summarized in the following manner: 

ki k2 
A E P 

The molecular diffusion is considered to be one dimen- 
sional only, and the convective transfer is unimportant. 
The equations of continuity for components A and E are 

(2) 
The diffusivities and the first-order reaction rate constants 
are considered constants for a given system. I t  is assumed 
that the intermediate E is not vQlatile, so it does not move 
across the interphase boundary. 

The concentration distributions of the reactant A and 
the intermediate E can be obtained by solving simultane- 
ously the above set of partial differential equations. Dif- 
ferent sets of initial and boundary conditions may be used 
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depending upon the postulation of the interphase hydro- 
dynamic behavior. In accordance with the film-penetration 
model (2, 11 ) , the initial and boundary conditions can be 
stated mathematically as 

a c E  

ax 
O (3)  

x = o ,  t > O ,  CA=CAZ, -= 

x = L ,  t >  0, c A =  C A L ,  C E  = C E L  

x > O ,  t = O ,  C A = C A L ,  C E = C E L  
The method of the Laplace transformation can be em- 
ployed to obtain the concentration distributions. 

By applying the surface age distribution of Danckwerts 
( l ) ,  the average chemical mass transfer rate can be ob- 
tained from 

- 
N A  = - DA 6" [ %] s e-st dt (4)  

x = o  
The ratio of chemical to physical mass transfer coefficients 
can be derived from 

and 

LIMITING CASES 

As mentioned in he previous set-ion, Equ: ion (6) is 
developed on the basis Gf the film-penetration concept. In 
accordance with this mechanism, the liquid elements of 
different ages, from old to young, are exposed to the 
interphase at the same time in the transport process (11). 
When the surface renewal rate approaches zero, the phase 
elements at the interphase remain there for an infinite 
period, and a layer of stagnant phase element is eventually 
formed at the phase boundary. For this case, the steady 
state molecular diffusion and reaction are the controlling 
transfer mechanisms, and the film theory is valid. The ra- 
tio of chemical to physical mass transfer coefficients for 
this case can be obtained by substituting y = co in Equa- 
tion (6) : 

where 

and 

- 
( 5 )  

kr. N A  
kL' kL' (Cni - Cnr,) 

where the expressions for the physical mass transfer coeffi- 
cient are available in the literature (1, 8, 11). 

The details of the mathematical derivation are given 
elsewhere (7). The final expression for the ratio of chem- 
ical to physical mass transfer coefficients is found to be 

On the other hand, when the phase element is renewed 
at a very rapid rate, the penetration of the diffusing reac- 
tant A never reaches the terminal edge of the phase ele- 
ment. Thus, the phase element may be considered to have 
infinite thickness from the diffusion point of view. For this 
limiting case, the surface renewal model prevails. The ratio 
of chemical to physical mass transfer coefficients on the 

-= 

where 

p - 3  = - fi {I+&+ KI.+ Kz + K4 + (1+-) 1 1  & (tan+ 1 2  
DEA DEA 

KI + Kz + Ka 1 1  tanh-)Z]' 1 + 5 
- I[ 1 + & - + (1 --) --( 

DEA DEA 6 DEA 
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basis of the model can be obtained by letting the film 
thickness L approach infinity (7 = 0) in Equation (6) : 

ties, and the hydrodynamic effects on the mass transfer are 
insignificant. Similar to the previous finding for mass trans- 

where 

and 

DISCUSSION 

Equations (7) and (8) are the mathematical expres- 
sions of the ratio of chemical to physical mass transfer 
coefficients based on the film theory and the surface re- 
newal theory, respectively. These equations can also be 
obtained directly by solving the original partiaLdifferenti81 
equations with the appropriate initial and boundary con- 
ditions (7) .  Computations were made to see the effects of 
the dimensionless groups K1, K,, DEA, and M on the ratio 
of chemical to physical mass transfer coefficients. The re- 
sults are illustrated in Figure 1 for cases where mass trans- 
fer is accompanied by reversible and consecutive reactions 
but without parallel reactions. I t  is observed that when 
the dimensionless parameter M is either very large or very 
small, the three different theories predict the same effect 
of chemical reactions on mass transfer. As shown in Figure 
I, when M approaches zero, the ratio of chemical mass 
transfer to physical mass transfer coefficients is equal to 
unity regardless of which theory is used to postulate the 
mass transfer mechanism. Furthermore, it is also found 
that if M is less than 0.1, the effect of chemical reaction 
on mass transfer is very small, that is, less than 5 %. Within 
this range of small M values, the mass transfer rate is 
controlled by diffusion. However, once M goes beyond 0.1, 
the influence of chemical reaction on mass transfer rate 
becomes appreciable, and the degree of such influence de- 
pends on the theory adopted. 

Finally, as shown in Figure 1, when M becomes very 
large, the ratio of chemical to physical mass transfer coeffi- 
cients again converges to the same value irrespective of 
the theories. This observation can be verified mathemati- 
cally. When M is large, Equations (6), ( 7 ) ,  and (8) based 
on three different theories can be approximated by the 
same equation as follows: 

where 
PlP-1 (Pl + P-1) 

PI2 + PlP-1 + P-l2 - 1 
r ) ( P l , P - 1 )  = 

(9) 

According to the above equation, the kL/kL' ratio increases 
linearly with dm. The proportionality constant ?(PI, p-1) 
is a function of the reaction rate constants and the diffusivi- 

fer accompanied by irreversible first-order reaction (5,  l o ) ,  
the effects of complex chemical reactions on the mass 
transfer rates are almost the same regardless of which 
theory is adopted to represent the mass transfer mechanism. 
The proportionality constant increases as K~/DEA and 
K 1 / K 2  decrease, and the rate of change of 7 depends more 
on K1/K2 than on K ~ / D E A .  If both K~/DEA and KJK2 
approach zero, the constant r) may be approximated by 
1.0, and the transfer coefficient ratio is equal to 

The above conclusion is not valid, however, if the reac- 
tion rate constant k2 of the consecutive reaction is com- 
paratively very small or nearly equal to zero. The predicted 
effects of chemical reaction on mass transfer rate are 
sensitive to the theory or the model adopted in postulating 
the mechanism. The deviations between calculated transfer 
coefficients based on the different theories increase as M 
is increased and as k2 is decreased. In particular, when 
the diffusivity of E is less than that of A by a factor of 10 
or more, the theoretical effect of chemical reaction on mass 
transfer rate is strongly dependent on the theory. The 
same conclusion was also obtained in a previous study (6) 
for mass transfer and reversible reaction. 

Approximation of mass transfer with reversible and con- 
secutive reactions by that with a first-order irreversible 
reaction is permissible for cases where the square root of 
the physical mass transfer coefficient is very large com- 
pared with the chemical reaction rate constant. Under 
these conditions, the overall mass transfer rate is almost 
identical to the rate of physical mass transfer, and chemi- 
cal reaction has little influence. 

However, if the first forward reaction rate and the physi- 
cal mass transfer rate are comparable in magnitude, both 
the reaction rate and the physical transfer rate exert their 
respective influences. On the other hand, if the physical 
mass transfer rate is very small compared with the chemi- 
cal reaction rate, the chemical reaction rate has a dominat- 
ing influence in determining the overall mass transfer rates. 
For these two latter cases, the above approximation or sim- 
plified treatment may yield a great error. The magnitude 
of such errors depends on the relative values of K1, K2, 

DEA, and M .  

CONCLUSION 

The following conclusions can be drawn from the pres- 
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ent research: 
1. Theoretical rate equations have been derived for liq- 

uid phase mass transfer accompanied by first-order complex 
chemical reactions. The kinetics considered is a combina- 
tion of consecutive, reversible, and parallel chemical reac- 
tions. 

2. The film-penetration model has been shown to be a 
general model among the theories considered. I t  takes 
the film theory and the surface renewal theory as the 
lower and upper limits, respectively, in the theoretical 
predictions. 

3. The ratio of chemical to physical mass transfer coeffi- 
cients is smaller than that for mass transfer with a first- 
order irreversible reaction. The theories deviate signifi- 
cantly for cases where the reversible reaction is strong, 
and the diffusivities of the intermediate product and the 
reactant are quite different. 
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NOTATION 

CA 
CA i 

CS 
CSL 

= concentration of component A, g.-mole/liter 
= concentration of component A at interphase, g.- 

mole/liter 
= concentration of component A at the outer edge 

of a surface element, or in the liquid bulk, 
g.-mole/liter 

= concentration of component E, g.-mole/liter 
= concentration of component E at the outer edge 

of a surface element, or in the liquid bulk, g.- 
mole/liter 

1 molecular diffusivity of component A, sq.cm./sec. 
= molecular diffusivity of component E,  sq.cm./sec. 
= diffusivity ratio, D E / D A  
= ratio of reaction rate constants ? ~ - ~ / k ,  
= ratio of reaction rate constants, k&’cl 

m 

K3 = ratio of reaction rate constants, 2 k l i /k l  

K4 = ratio of reaction rate constants, 2 k2,/k1 

L = average thickness of a surface element, or of a 

A l  = dimensionles7 group, k1 DA/ ( k L ’ ) 2  

h’A = average rate of chemical mass transfer for com- 
ponent A, g.-mole/ (sq.cm.) (see. ) 

k, = first-order reaction rate constant, see.-’, r = 1, 
11, 12, . . . . lm, 2, 21, 22, . . . 2n, for forward 
reactions, r = - 1 for backward reaction 

= liquid side mass transfer coefficient without chem- 
ical reaction, cm./sec. 

= liquid side mass transfer coefficient with chemical 
reaction, cm./sec. 

= surface renewal rate, set.-' 

i = 1  

j = 1  

film, cm. 

- 

kr,’ 

kL 

s 
t = time, sec. 
x = distance, cm. 
y = dimensionless group, DA/sL2 
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Vapor-Liquid Equilibria with the Redlich-Kwong Equation of State 
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It  was shown by us in a previous paper (1) that a 
modified Redlich-Kwong equation may be used to cal- 
culate both liquid-phase and vapor-phase fugacity co- 
efficients of components in mixtures, provided that the 
dimensionless R-K parameters a, and f ib  of each pure 
component are first established from the P-V-T properties 
of the saturated liquid. The values of a, and a,, were ob- 
tained at each of a series of temperatllres by solving si,nul- 

111 = In R T / P ( V I  - 11) + (PVL/RT)  - 1 

-(n/RT“%)ln (V, + b)/V1 ( 2 )  

were ob- 
tained from the generalized correlation of Lyckman, Eck- 
ert, and Prausnitz ( 2 ) .  The R-K constants a and b are 
related to the dimensionless n ,  and a,, parameters ns 

The values of the fugacity coefficient 

taneously the R-K equation follows: 

RT a p=-- 
V - b T1f2V(V + b )  

n = ~ , R 2 T c 2 ~ 5 / P ,  

b = n,RTc/Pc 

( 3 )  

(4)  
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