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Astaril;t ;inJ Savage' hid tec;ist the film thwsc. inodci for single gas absorption 
followed by n single. g s n c r a i i d  ~.qui!ihriaini rciiutlc:n it! :I aiiglitiy dift'crent form and 
used the niodel cqualii,ns tcr derive sonc  inir%Wing :isynp:i)tic hehaviour of the system 
for cxtrrmcs of driving foiccs for absorption/iics~>rpti~>i~. !bterila i2t u fH later extended8 
similar analysis to fhc casc of ;thsorp!ion of I f &  ;mil C ' 0 :  into aqueous amines. 

2. Scope of generalisation 

Thc aforeslrid Olander-Dauckwerts appro;icb o1'Fei.s a scope of generalisation in 
following three respects: 

(i) Gas-fiim rcsistmce, often important in practice, espcci;illy when the absorbing 
species is present in low concentrations along with nun-rcacting inerts, has not been 
considered so far in the iiterature. 

(ii) With one notable exceptionu most other work olrcady referred to had considered 
only one absorbing species whereas in pracrice ont: encounters more than one absorbing 
species (absorption of CO,, H,S, COS, etc., in amincs) or mnctirnes both absorbing 
and desorbing species (absorption of <'I2 in sodium carbonate solution accompanied by 
desorption of CO:).  

(iii) A third, more subtle, difficulty is faced in trying to make a computer simulation 
package for this class of gas-treating process". in a typically sparse system where the 
number of components are usually much more than the number of reactions the choice of 
unknown species concentrations to be solved for is by no means obvious and the required 
user intervention would make the utility of the computer simulation package more 
restricted than it needs be. 

The purpose of the present paper is to provide a fairly general analysis of the Process 
ol  @is absorption andlor desorption accompanied by equilibrium reactions keepingthe 
above three poin!s in mind and to provide a frilmework for computer sirnulation of such 
systems. In the case of single equilibrium reactions, the method presented will be shown 
to yield general analytical expressions for enhancement factor that reduce to eWessions 
available in the literature derived under simplified conditions. The utility of the present 
method has been illustrated for a number of commonly encountered reaction schemes 
discussed in the literature. 



3. Analysis 

in the liquid phase, where I), is the stoichiomctric coefficient of the-th species in the ith 
reaction (which is tnhcn as positive o r  ncgative depending on whether the particular 
species is a reactant o r  a product,respectively). For generality all the species will be 
considered as volatile in the model. equations. In actual practice some of the species will 
be non-volatile and this casc can easily he treated as a particular case of this general 
analysis by takiug the corresponding gas-film mass transfer coefficients as zero. 

Let r, bc the net rate of the ith reaction at a position x in the diffusion film (defined 
such that v,,r, reprcsent the quantity of jth species consumed per unit time per unit 
volume by that reaction). Then the mass balance equation for the j tb species can be 
formulated as: 

with j = 1 to N. 
Diffusivity of each species is zmsumed to be constant and represented by binary diffusion 
coefricient of that species in the bulk solvent. 

The corresponding equation in dimensionless form is 

where A,,, is any suitable and chosen concentration uscd to non-d~mcnsionalise the 
variable A,, D,,, is the diffusjvity of a chosen species to norn~alise Dl .  

The boundary condition at x = 0 for the jth species is: 

where r,, is the net rate of the ith reaction at the gas-liquid interface and A; is the 
equilibrium solubility corresponding to the gas-phase concentration of jth species 
Ai*(A,* = A,/H,). 

Equation (4) can be expressed in dimensionless form as: 



Intcgrntiog c~lu;ttir,n [S) hclwc..cn thc i in i~h ,  t l  :!nd ! .d u8.ing ho~lntlary condition (7) 
we obtain: 

with j :: 1 :o N :!nd whrw, 

(13) 

with I = 1 to K .  



Equation (13) pr-ovides K equations for the unknowns Q ,  to Q,. The dimensionless 
rate of absorption (or desorption) of the gaseous or volatile species j can be shown to be 
related to parameters Q, by the following relation: 

4. illustrative applications 

In the ensuing section the application of the above computationai procedure is illustrated 
for a number of commonly encountered reaction schemes, involving both single and 
multiple steps. 

4.1 Single slep reaction schemes 

For this case, K = I and hence thcre is cnly one unknown parameter Q,  to solve for. 
The general expression for the dimensionicss rate of absorption of a species A, is 
obtained in terms of this parameter as: 

For a number of representative reaction schemes considered by previous workers1,',' 
the explicit analytical expressions for Q, can be easily obtained as the meaningful root of 
a quadratic equation in M I  (equation (13)). These are assembled in Table I. Given 
the equilibrium constant and the stoichiometry for the reaction, bulk gas phase 
concentrations and the gas film mass transfer coefficients of the respective volatile 
species, bulk liquid phase concentrations of the (N - K )  species, and the diffusivity 
ratios, it is a simple matter lo calculate Q, arid then I, for a given scheme. Thus equation 
(15) (along with Table I) represents the most general analytical expression for the 
enhancement factor for single gas absorption coupled with a generalised single-step 
equilibrium reaction. 

For each of the schemes in Table I, if the gas film resistances are assumed to he absent, 
the simplified expressions for the col~esponding enhancement factors as tabulated by 
DanckwertsZ or Chang and Rochelle4 result, thus validating our new approach. 

Scheme 4 represents in a rather simplified manner a case of simultaneous ab- 
sorption and reaction of a gaseous species A1 accompanied by desorption of a volatile 
product A,. Also in the case of simultaneous absorption of two gases participating in two 
equilibrium reactions involving common reactant and product species (e.g. absorption of 
H2S and CO, in amineslO), a shift reaction of the simplified form such as scheme 4 may 
sometimes result. An illustrative plot of the influence of desorption of product species 
(characterised by parameter y2) on the rate of absorption of A, for this scheme is shown 
in fig. 1 for a particular case of a; = 0, K;  = 1, a10 = 0, yl = 100. The case of ?'2 + 0 
denotes a case of no product desorption and reduces to Scheme 1. 
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Fio / I he  . ho rp l t ix  r.tte Iw S~!,crn,c 1 FK 2 Ahso!prlon m c  in y, [,loti ! t i ,  

PI,(XJ+ ,1,(8; Schcmc b .4,i,c) +,$,(I)+ I , ( / )  k .I<(/) 

For Scheine 6 (,liostr;~~~vc of H2S ahsoipt~cln in anuncs), rig. 2 show\ rate of :rhsorption 
of Ai as ii function of thc pal-;imctcr y ,  it is zecii that for y ,  > 100, the gas film 
reslsfance can bc disregarded rind tkc computcd values ot I, agrcc with thc recolts ot 
previous workers'.' 

Gas absorption is ofccn accompanied by a multistep eqoilihlium reaction such 21s 
!ibsorplion of  chhnnc  in NaOH solution" or when multlplc equilihriurn reactions 
111volve n~ultiple ;:5\.r:!7i:y:ii.coihici: spccles as map happen unde~ s a n e  conditions h r  
simultaneous absorption of lHzS and CO? in arnines"'.". In tuch cases there would he K 
paramcterc Q,(L = 1, K )  to solve for from equation (13) written for K independent 
reactions. The solution of thc K non-lincar algebraic equations can bc accomplished by 
any one of scvcral axnputational method? ovailshle In t h ~ s  work. we had used 
hlarquard; method Thc solution procedure i s  further aided hy having recourse to the 
following feasibility ciiteria 

which is based on the faci that concentration of all species should be non-ilegative. 
~hs t ra t ive  computations have been performed for two particular cases. 



liiustrawc coinputation:~I rusults t ~ x  :I ~ i ~ n g c  111 h ;  :mil A'! V;IIUCS arc shown ln fig. 3 
for u,,, (1. );or thc cast 01 n o  gas I h  re>ist;~rlcc ( y i  ?OilOl, ri~csc' rcsults agree well 
with thc andytic;~L solutions (IcrivcJ hy I3!1;irr:rc!1;;l-! :I and i<;imach:~ndran" whlch agaln 
validates thc altcrnativc i.r~input:ltii~rl;r! p r t t c i d u ~ ~ .  deve iopd  in this paper. 
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FCC;. 3 .  Kate ofabsorptlon of A,  vs K; for Sfheme 7. Al(g)+AZ( l )  * A , ( / ) ;  A , ( / )  + A , ( / )  s A , ( l )  

5. Conclusions 

On the basis of two-film theory, a general analysis of gas absoqtion andlor desorption 
accompanied by singlelmultiple equilibrium reactions, which accounts for more than one 
volatile species and gas film resistance, has been given in this paper. The point of 
departure of our analysis from the classical Olander-Danckwerts treatment is the 
recognition of the fact that a transformation for the local concentrations of dissoivcd 
species in terms of K unique parameters characteristic of K independent reactions exists. 
These parameters are defined as the dimensionless double space integral of net rates of 
specific reactions and are expected to have finite values. 

The use of this transformation allows one to develop, in a systematic mmner, a simple 
COmpntational procedure for predicting the 'point' rate of mass transfer at any part of the 
column where bulk gas and liquid phase compositions are specified. Given a matrix 
consisting of the ~toi~hiornetric coefficients for the given reaction schernc, diffusivity 
ratios, it is now possible to routinely compute the rates of absorption andlor deso~ t ion  
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of vilrioiis yxcies  of iriter~st, with ~ n i n i ~ i i ~ i ~ i i  I!WI i t ~ i ~ s ~ s r ~ ~ i o i ~ .  ' I 'huh f h ~  present analysis 
provides ;I Sr;imcwork for rom;?uti.r siiil;il;~t;oi~ %,t ,in iiiipvl;!nt c h s  of gas-treating 
PI 0C"S. 

Finally. it ruay hc rioted that : t l t b~ug~t  ihe ilr,~thc!,i,rliz;!I I1t:itinciit glvcn in this P W ~  
1s v k  a film theory model tor ~nterptusc m,isa ~ , X I \ ~ L . ~ .  :iw I ~ W I I S  ih;it would have heen 
obtained by thc ~heoletjc;illy mcnc s , , L ~ ~ I ~ I  \urfilrL, rcitca;ij rheoiy. can he well 
;~pp"rinlacd by the same tilrn thror) wllili6in\ ~ j t j l  tfic J]ffu\ivil). ratios replaced h 
their \quare root?. 



u ~ s  

n,,, 
A, 
A; 
A, 
A,, 3 A, ,  
A,", 
0, 
DL", 
FI 

dimcnsii)nlcs\ ioncenlration of A, at interface. 
dimensionless concentration of A, in the bulk hquid. 
spccies A, or its concentralion. 
liquid phase concer~tration of spccies A, in equilibrium with bulk gas. 
concentration of A, in hulk gas. 
conccntrat~on of A, at interface and in the bulk liquid respectively. 
d choscn rcfcrence concentration used for normalisation. 
liquid phase diffusivity for species j .  
a chosen diffusivity used for noimalisation. 
functional relationsl~ip for parameters Q ,  to Qk (equation 13). 
function defined by equation 9. 
Henry's law constant for species j defined as A, /A/ .  
diincnsionless I-ate of absorption for jth species (equation 14). 
liquid phase mass transfer coefficient of reference species (A,,,). 
gas film mass transfer coefficient of species j based on concentration 
driving force. 
equilibrium constant for the Ith reaction. 
dimensionless equilibrium constant lor the lth reaction (equation 12). 
number of indepcndeut reactions. 
total number of species taking part in all the reactio~ls. 
parameter defined by equation 11 
local rate of ith reaction per unit volume. 



References 

tfin~rnsionlr.\s g n w p  I l ,k , ,  hif,,,., 
film lirkkncsh. 
sii,ii:hio~oclric nxfticicnt of thc 1li: hpccivs in Ihc ith reaction. 

7. AsTAnITA, G. *Nu 
SAVAGE. D.W. 

8. ASIAKITA, G., 
SAVAGE, D.W. AND 

Brsro, A. 

9. BHA~TACHARYA. A. 

10. C o n ~ r ~ l s s a ,  R., 
BEENACKERS, A.A.C.M., 
VAN BECKWM, F.P.H AND 

VAN SWAAIJ, W.P.M. 

11. HIKITA, H., 
ASAX, S., 
HIMUKASEII, Y. AND 
TAK/\+SUKA, T. 

12. ~ M A C H A N D K A N ,  P.A. AND 

SHARMA, M.M. 

S!mull.i~i~wih IIWA t1.1lI'll~r itrid cqutlibnum chemical 
rtxctitm\, 411 hi 1 ~ IWd. 6, 24.: 

f;rfi.!rqvid rm'.aun. Mi.iir.iu f l i l i .  Xu* 'id, 1970. 

,\riely\ir rit ;::v, .ilr\trr[rt!cln with a two step iostani. 
.:acimh rvvcrv!k rc.iiti.tn. ( ' i z ~ i .  firgng. 1.. 1982. 25, 
211 

hl.is!, tr:ur?,fet rnh.mcr4 hy q u ~ l i h n u m  reactions, Ind. 
Er~pig  ( ' I I W E  + s m h t . .  IVSI, 21, 319. 

ScJ,. i~bsiuyirm rrtr,. ,\'+dl11 ond , W O I  aqueous soiu- 
! i tm i .  pw.rn1r.d .ti thr .AlC'IiE: UM, National Meeting, 
I'hil~xiivlph~a. I'WII. 

Pikc1 ( $ 1  ibrg.:r~ir acid .tddirms on SO2 absorptioo Into 
<'~O!CJ<'O~ ~ l u t r ~ r < .  A[('hk,' 3 , l W. 28, 261. 

t i a s  :!kx,lptiw .md dcsorpiiun wit11 reversible instant- 
ancous chcrnrr,ii rcaclron. ( ' i i r n  Eh~nf i .  Sci. 1980, 35, 
1755, 

Numerical caleul,itim of simulwneous mass transfer of 
two gasc:, xn,tnpanied hy complex reversible re- 
actions, C h ~ m  En#zp. Sci.. 19x0. 35, 1245. 

Absorption of chlorine inlo ayueQus sodium hydroxide 
solutions, (Jhrm. Engng. J.. 1973. 5, 77. 

Simultaneous abrorptiorl 4 two gases, Tram Imp' 
Chern. Engr., 1071, 49, 253. 




