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ABSTRACT 
ln many processes in tbe the chemical industry mass transfer accompanied with reversible, complex chemical reactions 
in gas-liquid systems are frequently encountered. In point of view of design purposes it is very important that the 
absorption rates of the transferred reactants can estimated sufficiently accurate. Moreover, mass transfer phenomena can 
also affect substantially important process variables like selectivity and yield. Therefore large amounts of research effort 

-has been invested in describing these processes and in the development of models that can be used for the calculation of 
the mass iransfer rates and other parameters. 

The description of the absorption of a gas followed by a single first order u-reversible reaction is simple and 
straightforward. For all mass transfer models, e.g. film, penetration and surface renewal respectively, this process can be 
analytically solved. For other processes however, only for a limited number of special cases analytical solutions are 
possible and therefore numerical techniques must be used for the description of these phenomena. Besides numerically 
solved absorption models the mass transfer rates often can be calculated satisfactory accurate by simplifying the actual 
process by means of approximations and/or linearizations. ln this paper an overview will be given of the absorption 
models that are available for the calculation of the mass transfer rates in gas-liquid systems with (complex) reversible 
reactions. Both numerically solved and approximated models respectively will be treated and conclusions on the 
applicability and restrictions will be presented. Also perspectives and white spots will be indicated. 

Keywords: absorption, mass transfer, enhancement factor, gas-liquid processes, chemical reaction 

1. INTRODUCTION 

In the process industry many operations involve the transfer of one or more gaseous components to a liquid phase in 
which a chemical reaction occurs e.g., the removal of acid components from industrial gases by means of alkanolarnine 
solutions. ln order to be able to design the reactors and/or absorbers for the above mentioned processes among others the 
absorption rates of the gas phase reactants must be calculated. Unfortunately, the estimation of these absorption rates or 
molar fluxes is not simple and straightforward 

Generally, the molar flux for a gas phase reactant A into a liquid in which a homogeneous reaction takes place. can be 
described according to eq. (1): 

cAL 
(CA,G - 21 

JA= 
mA -2 -1 

mo1.m .s 
f 1 

(1) 
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and multiplying eq. (1) with the inter-facial area the local absorption rate is obtained. 

For the determination of the mass transfer coefficients and specifically for k~, models have been developed for the 
description of the mass transfer process. The film model in which the mass transfer takes place by stationary molecular 
diffusion only through a stagnant film as was proposed first by Whitman (1923). It is assumed that a stagnant film of 
thickness 6 exists at the interface. while the bulk of the liquid is well mixed. For the surface renewal models the 
characteristic parameter is the exposure time of the fluid elements at the interface. Higbie (1935) proposed that all 
elements have an identical residence time, 8, at the interface, while Danckwerts (1951) introduced a probability of 
replacement, s. Two-parameter models which are a combination of surface renewal and stagnant film approach have been 
developed by Dobbins (1956) and Toor and Marchello (1958). They assumed finite dimensions of the fluid elements 
replaced and their approaches can be regarded as a film-renewal model with two param eters 8 and 8. 

In the present contribution attention will be paid to the calculation of the molar fluxes and especially of the enhancement 
factor which is defined as: 

J* with reaction 
EA=[ 

JA without reaction Iidentical (c~.~t-c~.~o) 
(2) 
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2. MASS TRANSFER ACCOMPANIED 3Y HOMOGENEOUS CHEMICAL REACTIONS 

The problem considered is mass transfer accompanied by a reversible chemical reaction of general order with respect to 
both reactants and products: 

A(G) + vBB(I) ++ vCC0-J + v,,D(L) 

with the following reaction rate equation: 

(3) 

R,= -k,.,, n p $,“LC; LC’, LC; L + k r.s,t,vCA,L B.LCC,L D.L = cs t c” 
-3 -1 

mo1.m .s 3.. . . , 9 
Reactions in gas-liquid systems usually can be expressed sufficient accurately with rate expressions lie eq. (4). 
For the penetration model the following material balances can be derivedz 

acA G h=D a2CA G 
at A A + RA (5) 
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Before solving this set of equations uniquely, one initial condition and two boundary conditions are necessary. As initial 
condition it is assumed that the system considered is in equilibrium for a given solute loading: 

t=O and x& CA L=CA LO, G L=CB LO, . . 3 Cc ,_=Cc L,, and . CD L=CD LO I . 
and the concentrations CA,L9, CB,Lo, CC,LO and CD LO satisfy RA=O in eq. (4). The boundary condition for x=m can 
also be derived with the assumption of chemical equil&um for the bulk of the liquid for a given solute loading: 

MI and x=-: CA L=CA Lo. cB L=CB Lo, . C, L=Cc Lo and . CD L=CD Lo . . 
However, in case of irreversible chemical reactions (K=w) eq.(lO) can only be used for situations where CA,)=0 (or 
CB,wO which is identical to physical absorption), because for concentrations of A different from zero the liquid bulk is 
not at equilibrium and therefore a reaction will occur. In the latter case boundary condition (10) is not valid and a material 
balance over the liquid bulk must he used instead. Note that the application of eqs. (9)-(10) is only valid if the 
equilibrium composition is used. The second boundary condition is obtained by assuming that the species B, C, and D 
are non-volatile and that CA,L=CA,Li: 

WI and x=0: CA L=CA Li, 
aCB L aCC L =DL A=‘=‘=() 

7 l ax ax 3X (11) 

In case the reaction rate can be regarded as instantaneous compared to the mass transfer rate, the boundary condition (11) 
is no longer valid and the gradients of B, C and D are not necessarily zero to assure non-volatility (Versteeg et a1.,1989). 
Unfortunately, generally valid solutions for these four non-linear partial differential equations (5)-(8) cannot be obtained 
analytically and therefore numerical solution techniques are required. However, only for a few very special cases analytical 
solutions could be obtained. An alternative approach in finding a method for the calculation of the mass transfer rate, i.e. 
the enhancement factor, is by approximation and/or linearization. It is clear that for other mass transfer models, i.e., film 
or surface renewal model, (differential) equations equivalent to eqs. (S)-(8) can be derived. 

a Irreverw 
Jn tfris section absorption processes accompanied by a single irreversible reaction with (m,n)th-order kinetics will be 
treated. 

In 1932, Hatta (1932) presented for the film model an analytical solution for the description of mass transfer followed by 
a fit order hreversible reaction: 

-3 -1 
A(G) + A(L) + P(L) with RA=-k,CA L mo1.m .s 

For this absorption process the following mass balance has to be solved: 

(12) 

DA 
dLCA L A=k C 1 A.L 

dx* 
(13) 

As the reaction is irreversible the conversion of A which will be transported to the liquid bulk must also be taken into 
account, in the present derivation it is assumed that no reactant enters the bulk apart from the gas phase and that the 
amount of reactant in the outlet stream is very negligible compared to the conversion rate. This amount can be 
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inplemented in one of the two boundary conditions required to solve eq. (13): 

3183 

and x=6, DA( 
dc*& 
T)x=& = klCA,LVI_,bulk (I4b) 

Resulting in: 

JA= DA eA(AL- 1) + tanh$A 

6 cAVLi’A $A(AL-l)tanh@A+ 1 
(15) 

In eq. (15) AL is the ‘Hinterland ratio’ defined as the ratio between the total reaction phase volume and the volume of the 
(stagnant) mass transfer film of the reaction phase and +A is the wellknown Hatta-number: 

AL= I_E = (l-E)kL 
6.a a-DA 

(16) 9,=S 4-l kl JK (17) 

D* kL 

For practical conditions in gas-liquid contactors usually AL>>1 and (AL-l)$A*>>l, therefore eq.(15) can be reduced to: 

DA 
JA=bC 

+A .-=k C 
A,L1 tanhq, L A,LiEA (18) EA,film - 

@A -- 
tanh 

@A 

From eq.(lS) it can be concluded that the enhancement factor for mass transfer followed by a first order irreversible 
reaction for the film model is a function of the Hatta-number. Also for both the penetration and the surface renewal model 
analytical expressions for EA for fist order irreversible reaction can be derived (Danckwerts. 1970): 

The difference between the enhancement factors for these three absorption models is very small. The largest deviations are 
obtained for qA=l : only 7.6%! 
For all other processes in which mass transfer is followed by chemical reactions it is not possible to present analytically 
derived relations for the calculation of the enhancement factor that are valid over wide range of process conditions. As 
already mentioned above besides numerically derived solutions, an alternative approach is the caiculation of the mass 
transfer rate, i.e. the enhancement factor, by means of an approximation and/or linearization of the actual absorption 
process. 

23.2. .Qproximation techigyes for rrreversible reactfor& 
Van Krevelen and Hoftiizer (1948) were the first who presented an approximation method for the description of the __ 
absorption of A into a reactive liquid: 

A(G) + vgB(L) -+ v&(L) + v,,D(L) (22) 

with: 

-3 -1 
RA=-k?CA LCB L mol.m .s (23) ‘-3, 

For the solution of this absorption process eqs.(5) and (6) have to be solved 
simultaneously. It should be noted that for the film model the time derivatives in 
(5) and (6) are equal to zero. In order to obtain an analytical solution van 
Krevelen and Hoftijzer approximated the actual concentration profiles of both 
reactants according to Fig. 1. From Fig. 1 it is clear that the essential part of the 
approximation is the definition of a very small zone near the interface in which a 
(pseudo-) first order reaction occurs, i.e. no concentration gradient for reactant B. 
By means of the van Krevelen-Hoftijzer approximation an implicit expression for the enhaucement factor can be derived: 

EA= (24) E A-,film= ’ + yD:c$L (25) 
B A A,Li 

From eq.(24) it can be concluded that besides the Hatta-number, $A, an additional dimensionless group is introduce& the 
maximum attainable enhancement factor, EA__ The accuracy of this expression obtained by means of approximation is 
remarkably good, compared with numerical solutions whose deviation is always less than 3% (de Santiago and Farina, 
1970). Marek and Schtingut (1979) fitted several algebraic relations to their numerical solution of the film model, 
however, the major part of these approximated relations lack any physical meaning. 



3184 W. P. M. VAN SWAAIJ and G. F. VERSTEEG Kl 

From eq. (25) it can be concluded that some resistance against mass transfer in the gas phase will affect the value of the 
enhancement factor because owing to this resistance CA,Li will be reduced. For this situation Karlsson and Bjerle (1980) 
and Patwardhan (198 1) presented relations which were modified for the effect of the gas phase resistance. 
In 1961 Brian et al. (1961) showed that eq. (24) also can be used for the penetration model if the expression for the 
instantaneous enhancement factor is replaced eq. (25), for the penetration analogy: 

EA___= 3 +$j “;:cLi (26) EA= 2$‘I;l, i Cl+/1 ‘:” l”.5- 11 (27) 

By means of additional approximations Yeramian et al. (1970) modified eq.(24) to an explicit relation for the penetration 
model, eq. (27) with EA,~~ the enhancement factor obtained for pseudo fit order reaction saccording to eq. (21). 
Wellek et al. (1978) reevaluated the above mentioned approximate solutions and derived a new expression which could be 
used for the estimation of the enhancement factors for second order irreversible reactions: 

1 1 +A -= +(-- 

(Ql? (EA_- 1)” tanh’A 
l)-” (28) 

The best results were obtained for n=1.35. 
Hikita and Asai (1963, 1964) extended the van Krevelen-Hoftijzer approach for irreversible reactions of higher orders: 

R,=-k, nC:LCi L mol.m-3.s-1 (29) RA=-&k, aCz;ficA Lc; L (30) 1 3 9 , > 9 9 

Compared to van Krevelen and Hoftijzer they assumed that the concentration of the liquid phase reactant B was constant 
over the mass transfer film and equal to the interface concentration. However, for these higher reaction orders the 
approximation of the concentration profiles only is not sufficient because of the non-linearity of the reaction rate 
expression. Therefore Hikita and Asai also linearized eq. (29) resulting in eq.(30). From the work of Hikita and Asai it 
was concluded that the relation derived by van Krevelen and Hoftijzer for the calculation of the enhancement factor eq.(24) 
was also satisfactory accurate for higher order reactions if the Hatta-number was calculated according to: 

J Lk 
m-l n 

+A= 
m+l m.nCA,LiCB,LDA 

kL 
(31) 

If E~oe is calculated with eq. (25) the film model and with eq. (26) the penetration model enhancement factor is obtained 
respectively. For the surface renewal model Yeramian et al. (1970) and DeCoursey (1974) presented in an explicit 
expression for the calculation of the enhancement factor for a second order irreversible reaction: 

E= 
+: 4[(EA_-1)2+EA_~~~A_-l)1 

A 2(BA_-I) 
I[1 + lo”-1 } Yeremian et al. 

G 

(32) 

(33) 

. . v ersible Chemical Reaction 
In this section absorption processes accompanied by a single reversible reaction according to eq. (3) will be treated for 
reaction rate expressions similar to eq. (4). 

There are no general applicable analytically derived relations avialable for the calculation of the enhancement factor for 
this type of absorption processes. However, Olander (1960) derived for some asymptotic cases, processes in which the 
reaction rates are instantaneous compared to the mass transfer rates, analytical expressions for the enhancement factor. 
For the film model Olander studied the following four reactions: 

C 
I: A ++ E with K- =” 

C 
(34) 

A.L 

CL 
II: At* 2E with K- 

-3 
mo1.m 

C 
(35) 

AL 

3 
-1 (36) 

c c 
III: A+Bt,E-with&Z= 

cE,L 
m .mol IV: A + B t-) E + F with K= E’L F’L 

C A,L%,L 
C A,I?B,L 

(37) 

It should be noted that for the conditions studied by Olander, at all places in the stagnant film the reactants and woducts 
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are at equilibrium, i.e., RA=O. For the above mentioned cases the enhancement factors can be calculated with: 

3185 

with: 

reaction I: 
DE 

EA_= 1 .DK (38) 
A 

reaction III: EA_=l+ 
DB cB,LO 

DA C DB 
A,Liy 

EK 

reaction II: EA_= 1 .D 

(40) reaction IV: 
DB 

EA_= 1 t w 

DA cA LizA,LO 
(41) 

. 

Besides the above mentioned cases for the film model, Olander presented for reactions I, II and III also solutions for the 
surface renewal theoiy: 

J DE 
I 

reaction I: E, surf ren = , . . (l+ DK)( l+K) (42) 
A 

with: 

acA fiCA LO 
4DA 7 1 

(4W 

reaction II: EA surf,ren,= 

b=OS[ 

It is clear that for reaction II an implicit relation for the estimation of the enhancement factors is obtained and that its use 
is a cumbersome routine. For reaction III only an expression could be derived in case it was assumed that the diffusivities 
of reactants A and B and product E were equal: 

C 
reaction III: EA_,aurface =aewal= 1 + B’Le 

1 
(44) 

C A,Li+ y 

I-Iuang and Kuo (1965) presented for the first-order reversible reaction: 

A C, E with RA=-k,C, L + k_,Cb L mol.m 
-3 -1 

.s . 
analytically derived solutions for the ftlm model, surface renewal and the film-penetration theory. 

For the surface renewal theory: 

E A,surface renewal= I 
~,lq~*+P2)$q 

PI +PtP*+P ; -(l+& 
@A 

(45) 

(46) 

with: 

DE DE> I ,2 DE 
1 

[l - %K+(l- DA ~A +q4K 1 
0.5 

(46a) 

DE DE 2 DE 
I 

0.5 
Il- <K+(Lq)e +q4K 1 (46b) 
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For the the film model they obtained: 

EAfiim= I1 (47) 

and for the relation of the film-penetration theory the reader is referred to the paper of Huang and Kuo (1965). 
The applicability of the analytically derived relations for the calculation of the enhancement factors for gas absorption 
accompanied by a single reversible reaction is limited use as they are only valid for asymptotic cases. However, these 
relations are very useful for the validation of numerically solved models or to check approximations. 

2.3.2. &proxirnution fechniaues for reversible reactiows, 
Onda et al. (1970a and 1972) presented approximate solutions for both film and penetration model. They used the same 
approximation technique as Hikita & Asai (1963), however, as Onda et al. studied a reversible reaction they had to extend 
the linearization of to the reverse rate equation in order to arrive at a set of equations which could be solved analytically: 

i+_-k m-1 n 
- 2 kt “C; ‘&, LiCc L 

-3 -1 

m+l m,nCA,LiCB,LiCA,L mo1.m .s 
p+l ’ ’ ’ ’ 

Furthermore, they assumed that the concentrations of reactant B and product D are constant over stagnant iihn and equal 
to the interface concentrations: 

cB,L=cB,Li for 05x5s (49) cD,L=cD.Li for 05x56 (50) 

Because Onda et al. treated the reaction products E and F in a different way in the linearization of the reaction rate 
equation a somewhat strange expression for the equilibrium constant is obtained: 

m+l C:: LC; L K=- ’ ’ 
t+1 

(51) 

C,” LC;; I 3 L 

which is a function of the reaction orders m and t. Furthermore, the reaction rate expression, RA, should be zero at x=6 
indicating that in the liquid bulk the equilibrium composition is maintained. For the linearized rate expression used by 
Onda, RA can have values different from zero at x=6, and only for the very special case that CA,Lo=Cc,Lo=O this 
condition is always fulfilled. 

The approximate solutions of Onda were checked with numerical solutions by De Lind van Wijngaarden et al. (1986) and 
Versteeg et al. (1989). The maximum deviation from the numerical model is always less than 2% for the Iilm model. 
However, for reactions with mft the Gnda approximation is not able to obtain realistic values for the enhancement factor 
(i.e. 21) in case the reverse reaction cannot be neglected. Therefore the Onda approximation for the film model can only 
be applied satisfactory if the values for m and t are equal. In case only one product is formed this approximation can be 
applied without the restriction that m=t. For the penetration theory approximation the same conclusions are valid and the 
maximum deviation was always less than 7%. It should be noted that this approximation can only be used in case all the 
diffusivities are the same which restricts its applicability. Overall it can be concluded that the linearization of the reaction 
term according to Hikita & Asai (1963) cannot be applied generally to reversible reactions if the reaction products are 
treated differently in the linearization of the rate expression. 

For the surface renewal theory DeCoursey (1982) derived an approximate analytical solution for the reversible reaction 
according to eq.(3). He obtained this solution by changing the instantaneous concentrations to time mean concentrations 
by taking “s-multiplied” Laplace transforms, similar to the Danckwerts’ surface renewal model. In order to obtain an 
integrable set linear differential equations with constant coefficients he made the following assumptions: 
- the diffusivities of all species are equal. 
- the equilibrium at any point can be expressed by CA,L&C+LCD,L)/(KCB:L) 
- CB,L is equal to CB,Li near the interface according to van Krevelen & HoftrJzer (1948). 
- the reaction rate can be described with RA=-Kl(CA,LCA,U))+f~(X). 
- at x=0 RA can be expressed by RA=-kzCB,Li(C A,L-CA,L+O and at x=0 by RA=-k2CB,Li(CA,L-CA,Lei) 

The approximate solutions of DeCoursey were also checked verified by De Lind van Wijngaarden et al. (1986) and 
Versteeg et al. (1989). The deviation with the numerical solutions for other reactions was always less than 10%. The 
DeCoursey approximation results in accurate enhancement factors for the surface renewal model over a wide range of 
process conditions. The condition that the diffusivities of all species considered must be equal is a substantial restriction 
for the applicability. Therefore DeCoursey and Thring (1989) modified this method to systems with unequal diffusivities 
of the reactants and products. This modified DeCoursey approach was numerically evaluated by Winkeiman et al. (1992) 
and they concluded that the approximate solution had a mean deviation of 3.1% and a maximum of 14%. 
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Z.3.3. Numerical sobtioxs for reversible read_czm 
With the tremendous speed of innovation of the computational power of the computers the use of numerical techniques 
for the description of mass transfer accompanied by (reversible) reaction(s) be-came more frequent. Numerically solved 
absorption models for mass transfer followed by a single reversible reaction according to eq.(3) were presented by Perry & 
Pigford (1953), Secor & Beutler (1967). Porter et al. (1971) and Vetsteeg et al. (1989). They all applied the 
finite-difference solution method on the set of differential equations of the penetration theory. The work of Perry & 
Pigford (1953) can be regarded as a first introduction in calculating mass transfer rates numerically. The publications of 
Secor & Beutler (1967) and Porter et al. (197 1) are of restricted use because a limited range of conditions has been studied 
and the influence of solute loading and the behaviour under desorption conditions has been omitted, or the applicability 
has been restricted for a few stoichiometric schemes respectively. Moreover, the solutions of Secor & Beutler, 
specifically in case the chemical equilibrium constant was equal to one, must be used with caution because of 
inaccuracies in the results (DeCoursey, 1982 and Winkelman et al., 1992). 

The main goal of the application of a numerical 
approach is to produce the concentration profiles for 
the film model as solution of a system of coupled 
non-linear ordinary differential equations with two 
point boundary conditions. After solving this set of 
equations the enhancement factor can be calculated 
easily derived from the concentration profiles. In the 
penetration (Higbie) mode1 the concentration profiles 
are time-dependent: they develop as solution of a 
system of coupled non-linear parabolic partial 
differential equations subject to specified initial and 
two point boundary conditions. 
Comelisse et al. (1980), demonstrated that the 
application of this scheme to processes with mass 
transfer accompanied by complex reversible reactions 
resulted in a very powerful and reliable numerical 
methodology. In order to reduce the required 
computational time and to improve on the accuracy 
Versteeg et al. (1989) added some additional numerical 

Figure 2: Enhancemcm factor as function of the equilibrium cons&. K. for 
various solute Loadings. The dashed line qxcsents the conditions where no 
net mass transfer occurs. under this line de.sorption prevails. Film model. 

features of which the transformation of the spatial coordinate turned out to be very effective: 

(52) 

It should be noted that Porter et al. (1971) also applied the transformation according to eq.(52). 
An additional advantage of the implementation of eq.(52) occurs in the beginning, when the most rapid changes occur, 
due to the sudden onaet of the interface condition eq.( 11). Especially the Newton- Raphaon linearization of the non-linear 
reaction term, eq. (4), using estimates of a previous time level (Comelisse et al. (1980)) may be awkward just because of 
the large changes from one time level to another. In this new coordinate system, however, the onset of the interface 
conditions is not abrupt but gradual, starting from zero and in the interior all the differences will be gradually rising. 
Accordingly, the estimates in the linearization of the reaction term will be much more accurate. As a consequence of the 
implementation of additional numerical features the computational time required per simulation could be reduced from 
several minutes on a Digital DEC2060 to about 1 minute on a persona1 computer with mathematical coprocessor (Tulip 
386AT/25) (Bosch et al., 1989a). 

As was &eady mentioned in section 2.2.2 the occurrence of resistance against mass transfer in the gas phase can have an 
significant effect on the enhancement factor. Therefore Comelisse et al. (1980) and Versteeg et al. (1989) used in their 
numerical absorption models for the calculation of the enhancement factor a modified boundary condition for eq.( 11): 

kG(CA G-CA &=-DA( 
ac*, 

. , r)xzO (Ila) ( &x0= (~~xco=O (1 lb) 

The use of eq.(l la) instead of CA,L=CA,Li at x=0 is convenient in view of the applicability of the model for absorber 
calculations especially for those cases where a part of the resistance against mass transfer is situated in the gas phase. 
In Fig. 2 and 3 the effect of the reversibility of the reaction on the enhancement factor is demonstrated for ~c==x In Fig. 
2 the enhancement factor according to the film model is presented as a function of the chemical equilibrium constant for 
several solute loadings, 0L: 

a=C A,L,total’CB,L,total (53) 

for the reaction: 

-3 -1 
A+B++C+D w&R,=-k, ,CALCBL+k_l_lCCLCDL mo1.m .s 3 . * 7 9 , 
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and the reaction rate is instantaneous compared to the mass transfer rate. For high values of K(=k&_,,_l) this situation 
is identical to absorption followed by an instantaneous irreversible reaction with respect to mass transfer and the 
enhancement factor, BA, can be calculated with eq. (25). 
The enhancement factor increases with the equilibrium 1 wo 
constant because the reverse reaction rate constant decreases 
and therefore the effect of the reverse reaction. However, for ‘a 
extremely high solute loadings the bulk concentration of B 
further decreases with increasing equilibrium constant and, 
although the effect of the reverse reaction can be neglected, 
the enhancement factor shows a maximum and decreases 
until the equilibrium composition of the liquid remains 
constant and then the enhancement factor can be calculated 
with eq. (25). In Fig. 2 two regimes are shown, the dashed 
area represents the conditions where desorption prevails and 
the area above the absorption regime. At the boundary of , 
the two areas no net mass transfer occurs. In Fig. 3 the 10. 10’ IO’ 10’ 10’ 10’ 

enhancement factor according to the penetration model is --.-- ._ Hd 
presented as a function of the Hatta-number for several 
equili~um constants and a relatively low solute loading, 
cz=lO- , for the same reaction as mentioned above. 

Figure 3: Enhmccment factor as fuaction of the Haua-number for 
various equilibrium constants. Penetration model. 

In Fig. 3 can be seen that the reversibility also has a pronounced effect on the enhancement factor for reactions with fiite 
reaction rate constants. It should be noted that the deviation from the line EA=+A, indicating that diffusion limitation of 
component B occurs, is starting at lower Hatta-numbers with decreasing equilibrium constant. 

This group of processes can be divided into tow groups; simultaneous absorption of two gases reacting with each other in 
the liquid phase and simultaneous absorption of two gases into a liquid which contains one (or more) reactants. 
Ramanchandran and Sharma (197 1) presented an extensive review on these processes. 

24.1. Simultaneous gbsprDtion aid reaction qf two P- 
Typical examples of this type of processes are the absorption of NH3 and CO2 in water and ethylene and hydrogen 
chloride into an ethylchloride solution. Roper et al. (1962) studied the simultaneous absorption and reaction of two gases 
in a liquid and decribed this process with the penetration theory. The mass balances were numerically solved for a 
bi-molecular irreversible reaction between both gases. For irreversible reactions of (m.n)fh-order Hikita et al. (1977) 
presented for both film model and penetration theory approximate solutions for the calculation of the enhancement factor. 
Their approximate relations were checked with numerical solutions and the agreement was good. For both studies must 
be noted that the results depend on the boundary conditions used during the solution of the mass balance. Zarzycki et al. 
(1981) presented additional approximate solutions for irreversible reactions and compared the solutions with those of 
Hikita et al. (1977). 
Reversible reactions have not been studied so far. 

2.4. 1 a eous bsorutioI1 of two gases irrto a reac 2, St ‘m1c t ?I a five liauid. 
The removal of CO2 and H2S from acidic gases by means of reversible absorption into an aqueous alkanolamine solution 
is a very important process. Therefore it is not surprising that a large amount of research has been invested on the 
description of this simultaneous absorption process. Because both gases react reversible with the amine and as an 
interaction between the reaction products occurs. it is clear that only by means of numerical techniques a correct 
description of this absorption process can be obtained. Comelisse et al. (1980) presented a numerically solved absorption 
model for the simultaneous absorption of CO2 and H2S into an aqueous diisopropanolamine solvent. 
For the Elm model Onda et al. (1970b) presented an approximate solution for the absorption of two gases into a reactive 
liquid in which two irreversible reactions of (m,n)th-order take place. They used the Hikita and Asai (1963) approach for 
the description of this absorption process. The first numerically solved absorption model was presented by Goetler and 
Pigford (1971). However, they restricted themselves to processes with irreversible chemical reactions and therefore for 
e.g., acid-gas treating processes this work is of limited use. Further approximate solutions were presented by Comelisse 
et. al., (1977) and Hikita et al. (1979) for the film model and irreversible reactions, with one gas reacting 
instantaneously. No significant difference extists between these two models. Barreto and Farina (1982) derived/fitted 
algebraic relations for the calculation of the enhancement factors for the above mentioned asymptotic situations. 

As mentioned above Cornelisse et al. (1980) were the first who presented sn absorption model, based on the penetration 
theory, in which the reversibility of the reactions were taken into account. As a result of this a numerical solution 
technique had to be applied. From the work of Cornelisse et al. it must be concluded that for absorption processes with 
(complex) reversible reactions only by means of numerically solved absorption models reliable information on the 
process can be obtained. An outstanding example of this conclusion is the phenomenon forced desorption which 
Cornelisse et al. observed as a result of numerical process simulations. Forced desorption occurs due to the simultaneous 
absorption of another reactive species and the reversible interactions that occur between the various reactants and products 
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near the gas-liquid interface. Its characteristics are that the sign of the concentration difference is no exclusive indication 
of the direction of the mass transfer process. In Fig. 4 calculated concentration profiles at conditions of forced desorption 
are presented for the simultaneous absorption of COz and HzS into an aqueous amine solution. Blauwhoff and van 
Swaaij (1985) verified experimentally the phenomenon forced desorption. Bosch et al. (1989) modified the Comelisse 
absorption mode1 in or&r to make it more general applicable. Edgerton et al. (1986) developed a similar model. 

bsorptiorr of a sit- and~l reversible reactiom with lm 
In the process industry. operations accompanied by 
several parallel reversible chemical reactions occur very 

**. .nr.cc.c. llP”ld 

often. A frequently encountered process in which two 
parallel reactions take place is the absorption of CO2 
(or H2S) in an aqueous alkanolamine solution. In this 
solution the CO2 (or H2S) reacts with the alkanolamine 
and the hydroxyl ions which are present in the liquid due 
to the protonation of the amine. Even in the case of 
single gas absorption in amine gas-treating processes 
several parallel chemical reactions may occur because 
the purity of the amine used is less than 100% and 
usually the contaminants are other very reactive amines. 

Figure 4x Reaction scheme for the ~imultaneotu hapion of I-X.$ and Cq 

2.5.1. Parallel reaction without interactions. in nn mucous aUunohminc aoludon. 

For irreversible reactions it can easily be derived that the enhancement factor for the process with parallel reactions is 
smaller or equal to the summation of the enhancement factors for the single reactions. In case all reactions can be regarded 
as instantaneous with respect to mass transfer the enhancement factor for the system with the multiple reactions can be 
calculated with: 

E *-,m.,,,,e=(~*.si.~~e-‘)+’ (55) E*,muhipkz~~ (5’) 

and p must be derived from: 

the maximum attainable enhancement factor can be calculated for the film model 
according to eq.(25). 
For the asymptotic situation of pseudo first-order irreversible reaction kinetics for the 
single reactions the enhancement factor for the multiple reaction process can derived 
according to eq. (56). Because in the pseudo first-order regime the enhancement factor 
for the single process is equal to the Hatta-number. The third asymptotic situation 
occurs in case of slow reaction rates for which also a simple relation for the 
calculation of the enhancement factor can be derived. Therefore no enhancement of the 
absorption process occurs and the enhancement factor is equal to unity for both the 
single and multiple reactions_ Chang and Rochelle (1982) concluded that for a system 
of noninteracting multiple reactions. each constituting single reaction contributes one 
additive term to the overall enhancement factor. 

The three above mentioned asymptotic situations for irreversible reactions were 
extended by Jhaveri (1969) who presented approximate solution methods for two 
parallel second order reactions and one instantaneous reaction and the other pseudo fust 
order. For the latter situation Alper (1972) questioned whether the Jhaveri method 
would lead to realistic values of the enhancement factor. Alper (1973) presented the 
penetration analogy of eq.(SS) for the penetration theory: 

E A=,multiple (57) 

(57a) 

Onda et al. (1970b) presented for the film model an approximate solution for two parallel irreversible reactions of 
(m,n)th-order kinetics. They approximated the absorption process along the lines as discussed in section 2.3.2 (Ottda et 
al. (1970a)), however, an two additional assumptions were required in order to be able to solve the resulting equations. 
Onda et al. used quadratic relations for the concentration profile of reactant B and the ratio of C/B. 

CES 47:13/14-c 



3190 W. P. M. VAN SWAAIJ and G. F. VERSTEEG KI 

. . 
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In case the reactions are reversible it is not possible to predict the overatl Table 2. Rr.ulu ,imulacion for Ihc ,yarcm A+IB .,x, 
enhancement factor of the absorption process by means of equations similar to A+2E without interaction. 

(55), (56 and (57). Therefore the effect of reversibility must be studied with CLlsc 1 Ease 2 crx3 SaS 4 
numerically solved models. Chang and Rochelle (1982) presented for some --__ ---- __-___-_-___ 

special cases relations for the enhancement factor for multiple reversible %e*&n (57) 507 221 507 276 

reactions derived for close-form solutions of the film theory. Li et al (1974) 
%caction (58) 198 198 194 198 
F+, alane 2S34l 792 2257 1499 

studied absorption processes for some typical reactions like fast- and second- 1 
order parallel reaction and one reaction proceediig via two routes to different products. Versteeg et al. (1990) developed a 
numerical absoqnion model for absorption processes accompanied with multiple reversible reactions. Optional in this 
model were interactions between the liquid phase reactants and products. 

For a system consisting of two parallel reactions with a moderate and a low value of the equilibrium constant 
respectively it will be demoseated that only numerically solved absorption models can be used for obtaining accurate 
information on the absorption process. The reactions have identical reaction equations: 

A(g) + 2 B(1) f, C(1) + D(1) (58) with: RA,l= -kl,2CA,LCB,L2 + k-l,-lCC,LCD.L 
A(g) + 2 E(i) ++ F(1) + G(1) (60) with: RA,2= -k2,2CA,LCE,L2 + k-2,-lCF,LCG,L 

:59; 

For information on the values of the physico-chemical constants is referred to Table 1. 
In Table 2 the outcome of the calculations for the enhancement factor is presented together with the enhancement factor 
which would be attained if the simulations were performed for the individual systems. 

IAk 0.1 mol.mm3. 
lB1 100 mol.m-3. 
IEI 
lie 

h 
*s 
k1.2 (B) 
k_l._l (B) 
4.2 (A) 
Q-1 (A) 
-- ___________ ___ ___.. ____________ 
casl Di = 1*10-9 m2.,-‘. 
case2 DB= I*10-10m2.,-1. 
case3 DE= 1*10-1° ,&.,-I. 
case4 D,yDD= 1*10-‘0 “2.,-l. 

The first reaction (58) is instantaneous with respect to mass transfer and the second 
reaction (59) can be regarded as a pseudo first-order reaction. Contrary to the 
situation for irreversible reactions the enhancement factor for reversible multiple 
reactions can be substantially higher as can be seen in Table 2. This striking effect 
can be explained if the concentration profiles of the reactants and products of the 
multiple system is compared with those of the single systems, see Fig. 5. It 
should he noted that both concentration and spatial coordinate are dimensionless. 
The liquid-phase components are normalized on the bulk concentrations of each 
reactant respectively, and the gas-phase component on the bulk gas-phase 
concentration corrected for the solubility. From Fig. 5 it can be concluded that 
owing to the presence of E the concentration of B near the gas-liquid interface was 
increased by means of the interaction of the reactions (58) and (59) according to: 

C+D++A+2B (62) 
A+2Et,F+G (63) 

the interaction of these reactions leads to: C+D+2E*F+G+2B (64) 

I . ‘.G 
I 

n 1 2 --k---’ a ’ 2 -i-+.2 * I&-’ 

Figure 5: Dimensionless concentration profiles for (a) the system A + 2B t) C + D. the system A + 2~ +, P + G atrd (e) the 
systemA+2Bt,C~DandA+2Et,F+G_Attheendofthecontacttime. 

Near the reaction zone component B is regenerated by 
component E from the reaction pt-oducts C and D with the 
simultaneous Production of the other reaction products F and t 

G. This regeneration of B reduces its diffusion limitation d *. Is --C*D 
A.ZE - F.G 

from the liquid bulk to the interface and therefore an 
essentially higher concentration of B is present near the 
interface and therefore the overall enhancement factor will be 
increased. In Fig. 6 the concentration profiles for an other 
case are presented. In this figure can be seen that the 
concentration of B is locally even greater than the liquid bulk 
concentration which implies that the production of B I-- 7 
according to eq. (64) exceeds the transport to the bulk by 0 1 7 3 L 
means of molecular diffusion. This behaviour is due to 

_&- 

similar phenomenon as forced desotption during simultaneous Figure 6: Dimensionless concentration proliks for the system A 

absorption of two gases onto a reactive liquid +2BcrC+DandA+1EttF+G.Attheendofthewn~Itime. 
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u Absorption accotn_oatried bv conwtive r-e 
This group of processes can be divided in processes with two different forma of consecutive reactions: 

3191 

1: A(G) + B(L) + C(L) 2: A(G) + B(L) + C(L) 

C(L) + B(L) + P(L) A(G) + C(L) -_, P(L) 

Brian and Beaverstock (1965) studied the processes for group 1 
numerically for both film model and penetration theory. However, 
their study was restricted to second order bi-molecular irreversible 
reactions. From their results it was concluded that the enhancement 
factor, as function of +A, went through a maximum depending on the 
lifetime of intermediate product C. Rarnanchandran (1972) presented an 
overview of the Processes of group 1 and Presented analytical solutions 
for asymptotic cases. Bhattacharya and Ramanchandran (1982) 
presented an analytically derived relation in case the rates of both 
reactions are instantaneously fast. This explicit relation is a function 
of the diffusivities, equilibrium constants and the bulk concentrations 
ofB andP. 

More attention has been paid to the consecutive reactions of group 2 
and van de Vusse (1966a, 1966b) was the fist who dealt with these 
processes. Approximate solutions for general irreversible kinetics were 
presented by, Terarooto et al. (1969), Onda et al. (197Oc), Pangarkar 
and Sh-a (1974a). and Kastrinek and Fialovs (1982). Only Huang et 
al. (1980) presented a numerica absorption model, however, only 
applicable to irreversible reactions. 

. I 

I 1 
Figure 7: Measured and calculated HzS and CO2 
molar fluxes during forced &sorption conditions. 

It can be concluded that absorption processes accompanied by consecutive reactions have not been studied extensively, 
especially processes with reversible reactions. 

2.7. Absorutro 2 acco - ‘f moanied bv comulex reclcflons. _ 
In this section absorption Processes will be treated which could so far not be classified. 
Absorption processes with an irreversible autocatalytic reaction were numerically studied by Sim and Mann (1975) for 
the film model and by Joosten et al. (1980) for the penetration model. 

The occurrence of a volatile liquid phase reactant is another phenomenon that has been studied. For the film model 
Pangarkar (1974) derived an approximate solution for the enhancement factor for an absorption Process with a fast or 
instantaneous second order irreversible reaction regime. Shaikh and Vat-ma (1984) generalized the work of Pangarkar so 
that no restrictions are imposed on the reaction regime. Ozturk and Shah (1986) developed an approximate solution for 
the penetration theory. 

Kuo and Huang (1973) studied the simultaneous gas absorption and consecutive reversible chemical reactions for the film 
model and derived approximate solutions for some asymptotic situations. Gas absorption accompanied by an exotic 
system of reversible first-order reactions was investigated by Chu (1971). Owing to the fact that Chu only applied first 
order reactions he was able to derive analytical solutions. 

3. DISCUSSION 

It is clear that the presented overview is not exhaustive and that 
the previously mentioned studies have in common an absorption 
process accompanied with chemical reactions for general 
applicable situations or reaction kinetics. Besides these studies 
large amounts of information have been presented on the 
description of absorption phenomena for dedicated processes. see 
e.g., Gioia and Astarita (1965). Pangarkar and Sharma (1974b), 
Astarita and Savage (1982) Al-Ghawas and Sandal1 (1988). 
Glasscock and Rochelle (1989). Bosch et al. (1989b) and Littel et 
al. (1991). Generally. it can be concluded that with the aid of 
dedicated and detailed absorption models the behaviour of 
physical and chemical properties of processes could be determined 
and make useful for practical applications. 

The applicability of the absorption models, both approximate 
and numerically solved, is det ermined by the reliability of the 
simulations compared to the outcome of experiments. Blauwhoff 
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and van Swaaij (1985) verified experimentally the phenomenon forced desorption and Versteeg et al. (1989 and 1990) 
validated systematically absorption processes with complex reversible and reversible parallel reactions. Some of the 
results are presented in Fig. 7-10. Overall it can be concluded that the absorption models are satisfactory accurate for 
engineering purposes to estimate rates for chemical absorption processes if the physico-chemical data are known. 

In point of view of the results of the experimental validation it can be concluded that for accuracy reasons further 
refinements are not necessary. Glasscock and Rochelle (1989) implemented the Nernst-Planck equations for diffusion and 
reaction in ionic systems in order to assure overall electroneutrality in the liquid phase. Littel et al. (1991) studied 
systematically the influence of ionic species on the absorption rates. From the simulation results they concluded that, 
compared to the absorption models in which electroneutrality was assured by means of equal diffusivities of the ionic 
species, the deviation was negligible for practical process conditions. Therefore it seems not necessary from point of view 
of accuracy to refine the description of the absorption processes by means of e.g., multi-component diffusion (e.g., 
Dclancey, 1974 and Vanni and Baldi, 1991). 

Only to the aspect of absorption processes with large exothennic effects little attention has been paid to. Recently, 
Bhattacharya et al. (1987, 1988a.b) presented some studies on gas absorption with exothermic effects. With the 
increasing popularity of the reactive (kinetic) distillation processes this phenomenon may turn out to be of some 
Importance in the near future. 

Therefore it must be concluded that the attention should be paid to the aqcuisition of the physico-chernical parameters and 
to the description of inter-facial turbulence effects (e.g., Marsngoni). The latter aspect possibly may be implemented in 
the mass transfer models by means of e.g., eddy diifusivity (King, 1966). 

4. CONCLUSIONS. 

? 1'0 r;ls 
104.J,, _ 

- mol.m-2.r .’ 

Because of the rapid development of the computational speed and capacity of the computers in combmation with the 
availability of sophisticated mathematical software packages. no longer any limitation exists on rigoursly numerically 
solving of dedicated and detailed absorption models for very complex absorption process. Therefore it must be concluded 
that it is of very little practical and industrial importance to dcvclop approximate solutions and methods for these 
processes. The only application could be for educational purposes. 

Finally it must be emphasized that the applicability and the reliability of absorption models is completely determined by 
the availability of the physico-chemical data that are required as input parameters. Therefore it must be concluded that tfhe 
study and description of absorption processes, the determination of kinetic, thermodynamic, hydrodynamic and physical 
constants still is very important research item 

NOTATION 
A component A. 
B component B. 
C component C or concentration. 
D component D. 

;subscript diffusivity, ,,r2.s-l. 
component E. 

subscrips. 
a component A. 
an analytical solution. 
b component B. 
C component C. 
d component D. 
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%lbscript 
%lbscript,- 
F 
G 
J 

& 

z&lipt 

m 

mi 
q 
r 
s 

:A 

6 
8 

enhancement factor, -. 
infinite enhancement factor, -. 
component F. 
gas phase. 
mol flux, rnoI.~~-~.s-I. 
equilibrium constant 
gas-phase mass transfer coefficient, ,n.s-I. 
liquid-phase mass transfer coefficient, rn.~l. 
reaction rate constant, 
,nJfm+n+p+q-~).mo~-~m+~+P+9-~).s-~ 0r 
&(r+s+t+v-I).,,ol-(r+s+t+v-I)_,-1. 

reaction order, -. 
dimensionless solubility defined as C&C,,G, I. 
reaction order. - . 
place variable after tmnsformation defied by Eqn. (5 1) 
reaction order, -_ 
reaction order, -. 
Ha-number defmed by 

fil~~c~A,Lm-*CB L”CC,LPCD,Lq-DA)flcL. -. (k 
ess accord& to the film model, p)z. 

contact time according to the penetration model, s. 

ii 
i 
L 
m 
m 

num 
0 
total 

L 
P 
n 
Ri 
r 
t 
V 
a 

equilibrium. 
gas phase. 
interface or species i. 
liquid phase 
maximum value. 
number indication of place 
step in discretization scheme. 
numerical solution. 
concentration at bulk conditions. 
total 

-----_-__-~~---_~--~-~-~__---_ 
liquid phase. 
reaction order. -. 
reaction order* -. 
reaction rate, moI.#n-3.s-~. 
reaction order. -_ 
time variable, s. 
reaction order, -_ 
solute loading defied by 

CA,L,total/CB,L,total~ -. 
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