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Simultaneous Absorption of HqS and Coq Into Aqueous 
Methyldiethanolamine 

NOMAN HAIMOUR, ALI BIDARIAN, and ORVILLE C. SANDALL 

DEPARTMENT OF CHEMICAL AND NUCLEAR ENGINEERING 
UNIVERSITY O F  CALIFORNIA 
SANTA BARBARA, CALIFORNIA 93106 

ABSTRACT 

The tertiary amine methyldiethanolamine (MDEA) is finding 
increasing application as a chemical solvent for selective 
absorption of hydrogen sulfide from gases containing hydrogen 
sulfide and carbon dioxide. Gas streams of this type include some 
natural gases, synthetic gases from coal and heavy oil gasification 
and tail gases from sulfur plants. Selectivity for H2S is needed 
either t o  enrich Claus sulfur plant feed in H2S or to remove only 
H2S when C02 removal is not necessary or economic. For the 
absorption of hydrogen sulfide into MDEA, the reaction which occurs 
can be considered t o  be instantaneous while carbon dioxide 
undergoes a second-order reaction with MDEA. 

In this work, the simultaneous absorption of two gases into a 
liquid containing a reactant with which both gases react is 
modelled using the film theory. Physical properties and kinetic 
rate parameters used in the model have been measured in our 
laboratory. The model is used to study the effect of process 
variables on the selectivity of MDEA for H2S over C02. The 
simultaneous absorption of H2S and COz gases into aqueous MDEA is 
studied experimentally using a continuous stirred tank absorber. 
Experimental absorption rates are compared to predictions based on 
a multicomponent mass transfer model. The average deviations of 
the theoretical calculations from the experimental results are 
10.2% and 12.9% for C02 and H2S, respectively. 
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922  HAIMOUR, B I D A R I A N ,  AND SANDALL 

INTRODUCTION 

The objective of this work is to study the simultaneous 
absorption of C02 and H2S into aqueous methyldiethanolamine (MDEA) 
solutions. The simultaneous absorption of  C02 and H2S into a 
solvent has a practical application in the purification of natural 
and refinery gases. Due to the need for energy conservation, 
attention has been directed recently towards using solvents that 
will selectively absorb H2S. The tertiary amine used in this work, 
MDEA, has been found to be an effective solvent €or the selective 
absorption of  H2S from a gas mixture containing C02. 

Tertiary amines such as MDEA react much faster with H2S than 
with C02, resulting in selective absorption of  H2S. The use of 
MDEA to accomplish selective removal of H2S was first reported by 
Frazier and Kohl (1) in 1950; however, commercial application of 
NDEA did not take place until the 1970's. Goar (2) points out the 
advantages of using MDEA compared to other amine solvents and 
describes several gas treating schemes employing MDEA. Daviet et 
al. ( 3 )  have reported improved performance of an amine gas treating 
plant when MDEA is substituted for diethanolamine. Simulation of 
amine treating units for simultaneous absorption of  H2S and C02 has 
been carried out by Cornelissen (4), Tomcej et al. (5), and Sardar 
et al. (6,7,8). 

When H2S is absorbed into aqueous MDEA solution, it reacts 
with the amine to form the acid sulfide. The overall reaction is 
similar to the reaction of H2S with other ethanolamine solutions 
such as monoethanolamine and diethanolamine. The reaction can be 
represented as 

H2S + R2NCH3 + R2NH+CH3 + HS- (1) 

Since this reaction involves only the transfer of a proton, the 
kinetics will be very fast and the reaction may be modelled as 
being instantaneous. 

The overall reaction between C02 and MDEA is given by 

R2NCH3 + C02 + H20 -+ R2NH+CH3 + HC03- (2) 

Several different mechanisms for this reaction have been proposed 
(4,9,10,11,12,13). In an earlier study we found that a mechanism 
similar to that proposed by Donaldson and Nguyen (14) for the 
reaction of C02 with triethanolanine was consistent with our 
experiments on the kinetics of  the reaction of C02 and MDEA. In 
this mechanism, unprotonated MDEA is a base catalyst for hydration 
of COs t o  bicarbonate. According to Haimour et al. (12), the 
reaction between C02 and MDEA is second order, first order with 
respect to the concentration of unprotonated MDEA, and first order 
with respect to concentration of C02. The second-order rate 
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SIMULTANEOUS ABSORPTION OF H2S AND C 0 2  923 

constant reported by Haimour et al. (12) and used to interpret the 
absorption results reported here has the value 2.47 L/gmole s at 
25O C .  This value is lower than that found by Blauwhoff et a l .  
( l o ) ,  4 .8  &/gmole s, but is in agreement with that reported by 
Barth et al. (15), 3 . 2  f 1.0 L/gmole s .  

In this work the simultaneous absorption o f  H,S and CO, into 
aqueous MDEA solutions from a gas mixture with nitrogen as diluent 
was studied experimentally in a stirred cell absorption apparatus. 
The absorption rate data are compared t o  model predictions based on 
physicochemical properties. In addition, a film theory model is 
used to consider the effect of various process conditions on the 
selectivity of the solvent for hydrogen sulfide over carbon 
dioxide. 

THEORY 

In this work, the film theory is used to model simultaneous 
gas absorption with chemical reaction in the liquid phase. Gas A 
( C O 2 )  is assumed to react irreversibly with liquid reactant C 
(MDEA) under second-order conditions while gas B (HzS) undergoes an 
irreversible instantaneous reaction with C. The reaction system 
can be represented by 

Products ( 3 )  

B + C ------+ Products (instantaneous) ( 4 )  

k2 ~ A + C  

Since B and C react instantaneously, the liquid region where the 
reactions occur i s  divided into two distinct regions. Figure 1 
illustrates the concentration profiles to be expected in these 
regions. Region I is characterized by the non-existence of C ,  
Region I1 by the non-existence of B. Species B and C meet and 
react at x = x ~ C ,  where the concentration of both is zero. 

In Region I, A and B diffuse without reaction and their 
concentration profiles can be described by the following 
steady-state diffusion equations in non-dimensional form: 

where the non-dimensional variables are defined similar to Goettler and 
Pigford (16): 
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924 HAIMOUR, BIDARIAN, AND SANDALL 

I 
I 1 C O N C E N T R A T I O N  

P R O F 1  L E S  \ *  I I I1 

I \- CO, / 
i \ 1  MDEA-/ 

x ,  D I S T A N C E  FROM I N T E R F A C E  - L 

Fig. 1. Concentration Profile in the Liquid Showing 
Reaction Plane. 

a = A/Ai b = BIBi c = c/co 5 = X/XL ( 7 )  

The boundary conditions for Equations (5) and (6) are: 

a(0) = 1 b(0) = 1 b([;+) = 0 (8 1 
The value of a at r = t*, i.e., a", is unknown; so an additional 
boundary condition is required to specify the system and couple the 
solution in Region I to that of Region 11. This condition will be 
stated after the governing equations in Region I1 are presented. 

In Region 11,  A and C undergo simultaneous diffusion and 
chemical reaction. Steady-state diffusion with second-order 
reaction is represented by 

2 M mA 
a c  d c -  

dc2 rC 
(10) 
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SIMULTANEOUS ABSORPTION OF H2S AND CO 9 2 5  

The boundary c o n d i t i o n s  f o r  Equat ions ( 9 )  and (10)  a r e :  

The v a l u e  of E;': and a"' a r e ,  however, unknown. An a d d i t i o n a l  
r e l a t i o n s h i p  r e l a t i n g  Region I and Region I1 i s  obta ined  from t h e  
r e a c t i o n  s t o i c h i o m e t r y  between B and C .  The r a t e  a t  which C 
d i f f u s e s  t o  must be equal  t o  t h e  r a t e  a t  which B d i f f u s e s  toward 
,$: : 

where 

and r = D / D  (18) - 
mB - Bi/Co B C  

A s  shown by G o e t t l e r  and P i g f o r d  (16) and Aiken ( 1 7 ) ,  boundary 
c o n d i t i o n  (17 )  can be used t o  r e l a t e  a" and 5" by 

m r r  r C + m A + m r r  
a 4 = 1 + - - -  ( €3 C )  ,y; (19) 

A "A m 

Therefore ,  e i t h e r  a"' o r  E;' can be  chosen and i n t e g r a t i o n  can be 
c a r r i e d  o u t  t o  match boundary c o n d i t i o n  ( 1 4 ) .  A s  p o i n t e d  o u t  by 
Aiken (17) ,  t h i s  boundary v a l u e  problem i s  i n h e r e n t l y  u n s t a b l e  
i n t e g r a t i n g  i n  e i t h e r  forward o r  backward d i r e c t i o n .  A s  sugges ted  
by Aiken ( 1 7 ) ,  G e a r ' s  v a r i a b l e  o r d e r  p r e d i c t o r - c o r r e c t o r  package 
was used i n  t h i s  work w i t h  a s imple shoot ing  method f o r  t h e  
s o l u t i o n  of  t h e  two-point boundary v a l u e  problem. 

The procedure  used was t o  assume a v a l u e  of t;k ( u s u a l l y  a 
m u l t i p l e  of m ) ,  c a l c u l a t e  a* from Equat ion (19), and s o l v e  t h e  
system of  e q u a l i o n s  a s  an i n i t i a l  v a l u e  problem. Values of E;'c were 
subsequent ly  c o r r e c t e d  by the s e c a n t  method t o  match c o n d i t i o n  
(14) .  The l o c a l  i n t e g r a t i o n  e r r o r  was chosen t o  be  10'' and 
i t e r a t i o n s  were s topped when boundary c o n d i t i o n  (14) was met t o  
w i t h i n  2 0.0001. Genera l ly ,  less t h a n  10 i t e r a t i o n s  were r e q u i r e d  
f o r  convergence i n  a l l  runs .  
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926 H A I M O U R ,  B I D A R I A N ,  AND S A N D A L L  

The results are increasingly sensitive to the assumed values 
of 5" and a$; for large values of m and M, and the solutions become 
unstable for larger values of t'kese parameters. An asymptotic 
analytical solution for large M is given by Goettler and Pigford 
(16) by assuming a linear concentration profile for C 

M1/3 = 1.3717 (1 - <*)1'3 (1 - a") 
a$< p; 

The non-linear algebraic system of Equations (19) and (20) can be 
iteratively solved for a* and .$;. 

The enhancement factor is defined as the ratio of the rate of 
absorption with chemical reaction to that of purely physical 
absorption under the same hydrodynamic conditions. The rates of 
absorption with reaction are obtained from concentration gradients 
at the gas-liquid interface. In terms of dimensionless parameters, 
the enhancement factors are given by 

Selectivity, Q, is defined as the ratio of the enhancement 
factor for gas B over that of gas A, 

A 

This definition is 
fixed and we wish 
absorption rate of B 

appropriate as the hydrodynamics are 
to consider the effect of reaction 
relative to A. 

(23) 

assumed 
on the 

A typical computed concentration profile is shown in Figure 2. 
Figures 3 through 5 show the enhancement factor for gas B as a 
function of the diffusion-reaction parameter M with mA and m as 
parameters. Figures 6 through 8 show the selectivity, 0, plotted 
as The physico- 
chemical properties used in the calculations for Figures 3 through 
8 correspond to absorption of hydrogen sulfide and carbon dioxide 
into 20 weight percent MDEA solution at 25OC. These properties 
were determined as discussed in the next section. The range of 
values of M used in the calculations covers the values likely to be 
encountered i n  industrial absorption columns. 

a function of M with mA and mg as parameters. 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
3
:
1
5
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1



SIMULTANEOUS ABSORPTION OF H2S AND GO2 927 
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I I , I , , , , I  I t # , , ( 1 0  I I I I , I L J J  
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/ l  

Fig. 2. Calculated Concentration Profiles in Liquid. 

I I 1 1 1 , 1 1 1  I I 1 I I l l 1 1  I 1 , 1 I I l I l  

M 

Fig. 3. Enhancement Factor for Gas B as a Function of PI and mA for 
mB = 0.001. 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
3
:
1
5
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1
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6 0  

40 

EB 

2 0  

0 

me- 0.01 

I 0.1 1 10 

M 

Fig. 4 .  Enhancement Factor for Gas B as a Function of  M and mA for 
mB for m = 0.01. B 

B decrease, both E and EB increase. However, E is less sensitive 
towards the change of mA and mg than EB. The sensitivity of EA and 
E and mB increases with increasing M. 
Selectivity increases with Jecreasing M, and it changes rapidly at 
low M values. For lower M values, a is very sensitive towards the 
change of mB while it i s  less sensitive to the change of mA. 

It can be seen from Figures 3 through 8 that as mA and m 
A A . . .  

towards the change of m B 

To obtain high selectivity, it is preferred to have low values 
of m and m which means low partial pressures of gases A and B or 
high concenyration of amine. Also, absorbers with large physical 
mass transfer coefficients (short contact times) achieve higher 
selectivity since the value of parameter M is lowered. It is 
desirable to operate the absorber at lower temperatures, which 
leads to a lower value of the rate constant k2 and hence smaller M 
values. The effect of temperature on the selectivity of 20 wt % 
MDEA solution for hydrogen sulfide i s  shown in Figure 9. The 
physical properties and the reaction rate constant were obtained or 
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EB 

I 

' 
0.0 1 

I I I I I I I I I  1 I I I I I l l (  I I I I I I l l [  

I I I I 1  1 1 1 1  I I I I I I I I I  I I I I I l l l l  

m =o.i 6 

0.1 1 
M 

m,=o.oi 

------- 0.1 

\ 1.0 

1 0  

F i g .  5.  Enhancement Factor for Gas B as a Function of M and mA for 
mg for m = 0.01. B 

extrapolated at each temperature from measurements made in our 
laboratory, as discussed in the following section of this work. It 
can be clearly seen that operating the absorber at lower 
temperatures leads to significantly higher selectivity. 

The liquid reactant concentration Co appears in the 
denominator of mA and m Therefore, 
increasing Co would lea9 to a decrease in mA and mg, which i s  
desirable from a selectivity viewpoint, but it also increases the 
value of M which has the effect of  lowering selectivity. The net 
effect of increasing C was observed to be an increase in 
selectivity. This result'is due to the higher sensitivity of the 
selectivity to mg than to M, at least in the parameter range of 
this study. Therefore, for higher selectivity, a higher liquid 
reactant concentration is warranted. 

but in the numerator of M. 

Summarizing the results of the model predictions, higher 
selectivity for hydrogen sulfide is obtained in absorbers having 
short contact times, operating at low temperatures and using 
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I I I I I I I l l 1  I I 1 1 I l 1 1 l  I I I 1 1 1 1 1 1  
0.0 1 0.1 1 10 

F i g .  6 .  S e l e c t i v i t y  a s  a Funct ion  of  fl and mA f o r  m = 0.001.  B 

concent ra ted  amine s o l u t i o n s .  Also,  low p a r t i a l  p r e s s u r e s  of C 0 2  
and H2S i n  t h e  absorber  would l e a d  t o  h i g h e r  s e l e c t i v i t y .  
Therefore ,  it i s  d e s i r a b l e  t o  o p e r a t e  t h e  absorber  a t  lower 
p r e s s u r e s  from a s e l e c t i v i t y  p o i n t  of view. 

As mentioned i n  t h e  I n t r o d u c t i o n ,  we have exper imenta l ly  
s t u d i e d  t h e  s imultaneous a b s o r p t i o n  of  H2S and C02 i n t o  aqueous 
MDEA s o l u t i o n s  i n  a s t i r r e d - c e l l  absorber .  A g e n e r a l  model, t a k i n g  
i n t o  account  mass t r a n s f e r  r e s i s t a n c e s  i n  b o t h  gas  and l i q u i d  
phases ,  i s  used h e r e  t o  p r e d i c t  a b s o r p t i o n  r a t e s  f o r  hydrogen 
s u l f i d e  and carbon d i o x i d e  i n t o  t h e  MDEA s o l u t i o n s .  S ince  t h e  
number of  components i n  e i t h e r  phase exceeds two, a multicomponent 
t r a n s p o r t  model has  t o  be used t o  d e s c r i b e  t h e  o v e r a l l  r e s i s t a n c e  
o f f e r e d  by t h e  two-phase system. F o r  n-component systems,  the 
t r a n s p o r t  behavior  i n  e i t h e r  phase i s  ade u a t e l y  descr ibed  by a 

Prober ,  ( 1 8 ) ) .  The proper  formula t ion  f o r  a d d i t i o n  o f  phase 
r e s i s t a n c e s  i n  multicomponent systems i s  g iven  by Krishna (19) : 

m a t r i x  of t r a n s p o r t  c o e f f i c i e n t s  w i t h  (n-1) 9 elements  (S tewar t  and 
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6 0  

4 0  

2 0  

I I I I I I I I )  I I I I I I I I  I I I I I I l l 1  

- 

- 

- 

- 

m = 0.01 B - 

I I I I I I l l 1  I I I I I I I I I  I I I I 1  1 1 1 1  

0.01 0.1 1 10 

The superscript black dot * indicates that these coefficients are 
themselves dependent on the interfacial mass transfer rates. The 
subscript b refers to b u l k  fluid conditions. The matrix [ M I  is a 
matrix of equilibrium 'constants' with elements 

i,j = 1 , 2  ,..., n-I 

This matrix will, in general, be non-diagonal for non-ideal system. 
For this gas absorption process, both phases can be considered 
ideal and the matrix [MI reduces to a diagonal matrix with elements 
given by 

HC02C 
= __ P 

- HH2SC 

M22 - __ P 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
3
:
1
5
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1



932 HAIMOUR, BIDARIAN , AND SANDALL 

7 -  

cr 

- 

I I I I 1  1 1 1 1  I I I I I I l l 1  I I I I I I I I I  

6 -  - 

5 -  - 

4 -  - 

3 -  - 
rn,=o.i 

2 I I I I 1 1 1 1 1  I I I I I I l l 1  I I I l l l l l l  
0.0 1 0.1 1 10 

F i g .  8 .  S e l e c t i v i t y  a s  n Func t ion  of M and mA €or mB = 0.1. 

The matrices [ B y ]  and [ p t ]  are "bootstrap solution" matrices 
which allow the capculation of total fluxes Ni from diffusion 
fluxes Jbi: 

(N) = [ P g l  (3:) = [f$l (Jt) (28) 

The bootstrap solution matrix for the absorption case has its 
elements given by (Krishna, 19): 

8Zij = "j -4- Yib/Ynb 9 i,j = 1,2 ,..., n-1 (29) 

where the subscript n refers to the stagnant component, nitrogen. 
In the liquid phase, [ p i ]  essentially reduces t o  the identity 
matrix 

I P t I  = I11  (30) 

since the concentration of the diffusing species 1 and 2 are small. 
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0.001 0.01 

mB 

0.1 

Fig. 9. Effect of Temperature on Selectivity. 

The elements of the zero-flux gas phase mass transfer 
coefficient matrix [k ] for a ternary system are given by Krishna 
(20) in terms of the zonstituent binary coefficients k. .: b 

=J 

= k13 (Ylbk23 ' (I-Ylb) klz)/S (31) 
Ybll 
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9 3 4  HAIMOUR, BIDARIAN, AND SANDALL 

k = k23 (y2b k13 + (l'Y2b) kl2)/S (34) 
yb22 

= 'lb k23 + Y2b k13 + '3b k12 

where S is given by 

(35 1 

The finite-flux matrix [k '1 is obtained from 
Yb 

[kybl = [kybl [El (36) 

where [ E l  i s  a correction factor matrix that accounts for the 
effect of high mass transfer rates on the mass transfer 
coefficients. For transfer of  two species through a third stagnant 
component, i.e., N 3  = 0, the elements of [ E l  are given by Krishna 
and Standart (21): 

h h h h 

E l l  = (El  $12 + E2 Q21)/(Q1 - 42) 

E21 = (El - E2) $21/($1 - $,) 

(37) 

(38) 

(39 1 

(40) 

n h h 

E12 = (El - E2> Q12/(g1 - 4,) 
h h h 

h h h n 

E22 = (E l  $21 + E2 $12)/(Q1 - $2) 
h 

h 

In the liquid phase, the correction factor matrix [ E l  can be 
taken t o  be the identity matrix. In addition, each gas can be 
assumed to diffuse independently of  the other and there are no 
diffusional interaction? to give rise to non-zero off-diagonal 
elements. Therefore, [k ] becomes a diagonal matrix with elements 
given by xb 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
3
:
1
5
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1



SIMULTANEOUS ABSORPTION OF H2S AND C 0 2  

k i A  EA 

k i B  EB 

The film theory model previously described is used to 
calculate the enhancement factors EA and EB. Comparison of the 
simple asymptotic result by Goettler and Pigford (16) with the 
exact numerical solution of the film theory model showed a maximum 
error of only about 1.5% in E and 0.3% in E for M values as low 
as 10. For the experimental conditions use3 in this work, the 
lowest value of  parameter M is about 12; mA and mg are smaller than 
about 0.005. Therefore, it was decided to use the above asymptotic 
solution to calculate E and E for considerable reduction in 
computation time and littfe loss 09 accuracy. 

A 

An iterative solution is needed to compute the fluxes Ni. 
Initial values for compositions of  C02 and H2S at the gas-liquid 
interface are assumed. The individual phase mass transfer 
coefficients are computed and combined to obtain an overall gas 
phase mass transfer coefficient matrix [K The fluxes J. and 
N. are then computed and the cornpositio%blit the interfaci are 
cilculated and used to restart the computations. Convergence is 
obtained when the assumed and calculated compositions are equal. 
At each iteration, the iterative algorithm of Krishna and Standart 
(21) is used to compute the correction factor matrix [ E l  and [ k  1 .  

Yb 

PHYSICAL PROPERTIES 

The physicochemical properties needed to model the 
simultaneous absorption rates of C02 and H2S are the diffusion 
coefficient for both gases in the liquid, the solubilities of both 
gases in the liquids, the diffusion coefficient for MDEA in 
solution and the kinetics of the reaction between C02 and MDEA. 
Haimour et al. (12) have studied the kinetics o f  this reaction over 
the temperature range 15-35'C. As mentioned in the Introduction, 
we have experimentally determined the second-order rate constant 
for the reaction between C02 and MDEA at '25°C to be 

k = 2.47 !2/gmole s 

The diffusivity of 
determined experimentally 
analogy method. The data 

2 

0.54 
DCO.. c1 

= 6.109 z 
T 

( 4 9 )  

CO into aqueous MDEA solutions was 
by $aimour and Sandall (22) using the N20 
may be correlated by 

x 
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936 HAIMOUR, B I D A R I A N  , AND SANDALL 

Equation ( 5 0 )  fits the data to within an absolute mean deviation of 
2.3% for data collected over the temperature range 15 to 35OC and 
for MDEA concentrations up to 20 wt%. The liquid viscosity needed 
to implement Equation (50) was correlated by a modified form of the 
equation proposed by Lobe ( 2 3 ) .  

The viscosity of pure MDEA, 
fitted over the temperature range 20 to 8OoC by 

pg,  needed for Equation ( 5 1 )  can be 

( 5 4 )  
pg = 1 . 3 7 8 ~ 1 0 - ~  exp ( 4 ’T 6 2 2 )  

The viscosity data fit Equations ( 5 1 )  and ( 5 4 )  to within absolute 
mean deviations of 1.5% and 4.5%, respectively. 

The solubility of C02 in aqueous MDEA solntions was also 
obtained using the N2O analogy method by Haimour and Sandall ( 2 2 ) .  
The data were obtained over the temperature range 15 to 35OC and 
for amine concentrations up to 40 wt%. The data can be fitted to 
within an absolute mean deviation of 1.5% by 

B 2 n H  = A - -  c02 T ( 5 5 )  

(56) 

( 5 7 )  

- 0.04666 CmEA 2 

- 15.612 CmEA 2 

where A = 12.212 - 0.4815 CmEA 

B = 2 ,627 .3  - 158.76 CmEA 

The diffusivity of H2S in aqueous MDEA solutions was obtained 
by correcting its value in pure water for the effect of the 
viscosity of the solution according to the relation 

0 . 7 4  
DH2SlJ 
T = 5.836 x 

This correlation was obtained experimentally by Haimour and Sandall 
( 2 4 )  f o r  the diffusivity of H2S in water at different temperatures. 

The solubility of H2S in the amine solutions was obtained by 
correcting the values in pure water for the salting-out effect of 
different ions presented in the solution using the Van Krevelen and 
Hoftijzer relation ( 2 5 ) ,  i.e. 

log(H/Ho) = hI ( 5 9 )  
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SIMULTANEOUS ABSORPTION OF HgS AND CO 931 
2 

where I is the ionic strength of  the solutions and is defined by: 

1 2 
2 i i  I = - Z C Z  

h is the sum of contributions of different species in the solution, 
i.e. 

h = h, + h- + hG 

During the simultaneous absorption of H2S and COz into the amine 
solution, an instantaneous reaction regime is formed near the gas 
liquid interface as a result+of the reaction between HzS and the 
amine. In this regime, RzNH CH+ and SH ions are present. The 
salting out parameter for RzNH CH3 is not known, but it may be 
assumed to be zero. This assumption was used by Hikita et al. 
(26,27,28) for the analysis of COz-aqueous MEA, COz-aqueous NH3, 
and CO2-aqueous DEA systems, respectively. The value of the 
salting-out parameter for SH can be assumed to have a similar 
value to that of OH , i.e. 0.066 !L/g ion (29). The salting-out 
parameter for HzS gas is -0.033 a / g  mole ( 2 9 ) .  

The diffusivity of MDEA in solution has been measured 
experimentally by Haimour and Sandal1 (30). At 2 5 O C  the 
diffusivities were found to be 0.83~10-~ cm2/s and 0.60~10'~ cm2/s 
for 10 and 20 wt% solutions of  MDEA. 

EXPERIMENTAL APPARATUS AND PROCEDURE 

A drawing of the stirred cell absorber used in the work is 
shown in Figure 10. The absorber is 10 em in diameter and is 30 cm 
long. The gas-liquid contact area is 78.3 cm2. The absorber has 
two independent impellers for the gas and liquid phases. Both 
impellers are centered on one shaft and are 1.6 cm in diameter. 
The gas impeller shaft is a hollow tube and the liquid impeller 
shaft passes through it. Mercury seals are provided between the 
two shafts and also between the outer shaft and the top flange. 
The maximum speed for the liquid stirrer is limited to 135 rpm by 
the requirement of keeping a smooth gas-liquid interface. The cell 
temperature is kept constant by circulating an aqueous ethylene 
glycol solution through a jacket surrounding the absorber. The 
absorber has four baffles to reduce vortex formation. Each baffle 
is made from 0.64 em diameter tubing and extends from the bottom of 
the absorber t o  above the gas-liquid interface. 

Figure 11 shows a schematic drawing of the complete absorption 
apparatus. Pure MDEA was diluted with freshly boiled deionized 
water to give the desired amine concentration. The amine solution 
was pumped to an overflow weir above the reactor in order to dampen 
any flow rate oscillations. The solution flow rate was measured by 
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938 HAIMOUR,  B I D A R I A N ,  AND SANDALL 

10. S t i r r e d  Cell Absorber. 
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TO FUME 
HOOD f. 
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FROM GAS 

SATURATION 
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Fig. 11. Schematic Drawing of Experimental Apparatus 

a calibrated rotameter and then passed through a coil in the water 
jacket surrounding the reactor. The solution was introduced to the 
reactor from the bottom and distributed by a 0.60 cm diameter 
perforated tube which extends about 3 cm from the bottom. The 
liquid flow rate was about 110 cm3/min during all experiments. The 
volume of solution inside the reactor was about 500 cm3. The level 
of solution inside the reactor was kept constant by continuous 
drawing of solution through another overflow weir. 

The gases used were N2, C02 and H2S having purities o f  99.99%, 
99.8% and 99.5%, respectively. For the simultaneous absorption 
experiments, each gas passed through a high pressure regulator 
followed by a low pressure regulator and was saturated with water 
in a sparger. Gas flow rates in and out of the reactor were 
measured by soap film meters. Exit gas concentrations were 
measured using a gas chromatograph. 

RESULTS AND DISCUSSION 

A .  Liquid Phase Mass Transfer Coefficient, k;l: 
The liquid phase mass transfer coefficient for physical 

absorption was measured experimentally by Haimour et al. (12) by 
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2 4 6 a 
- 
R (THEOJx lo8 
co2 

Fig. 12. Experimental Absorption Rate of C02 Compared to Predicted 
Absorption Rate. 

absorbing N20 into 10 wt% and 20 wt% aqueous MDEA solutions at 
25'C. The data were correlated as 

(62) 3 4 , 2x10 < ReR < 1x10 0.66 sc+ ShQ = 0.0977 ReQ 

B. Gas Phase Mass Transfer Coefficient, k . 
The binary gas phase mass transfer coefficient was measured by 

absorbing H2S diluted with N2 into 10 wt% and 20 wt% aqueous MDEA 
solutions at 25OC. The partial pressure of  H2S gas was varied from 
0.080 to 0.137 atm. Under these conditions, the mass transfer is 
completely gas phase controlled. The criteria for gas phase 
control is 

Y' 
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2 2 

0 4.0 8.0 

Fig. 13. Experimental Absorption Rate of H2S Compared to Predicted 
Absorption Rate. 

The value of k was found to be 5.30~10 g moles/cm2s atm for the 
10 wt% MDEA shution and 6.29~10 g moles/cm2s atm for the 20 wt$ 
MDEA solution. The gas phase impeller was positioned closer to the 
interface for the 20% MDEA experiments, thus accounting for the 
higher mass transfer coefficient. 

C. Simultaneous Absorption of C02 and H2S: 
Simultaneous absorption of H2S and COz into aqueous MDEA 

solutions from a gas mixture with nitrogen as diluent was studied 
at 25OC. The partial pressure o f  C02 was varied from 0.14 to 0.41 
atm while that of H2S varied from 0.03 to 0.12 atm. The speed of  
the liquid stirrer was varied from 56 to 115 rpm. The rates of 
absorption of C02 and H2S were calculated from the difference 
between the inlet and outlet flowrates of each gas. 
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The b i n a r y  gas  phase mass t r a n s f e r  c o e f f i c i e n t s  k . .  were 
c a l c u l a t e d  from t h e  measured v a l u e  of k by assuming a 2/51 power 
dependence of k . .  on t h e  b i n a r y  d i f f u s i h t y ,  a s  suggested by t h e  
boundary l a y e r  t d e o r y .  The measured k v a l u e s  were c o r r e c t e d  f o r  
t h e  e f f e c t  of  h igh  mass t r a n s f e r  r a t e g  by apply ing  a f i l m  t h e o r y  
c o r r e c t i o n .  

From t h e  a n a l y s i s  of  t h e  d a t a ,  it was found t h a t  t h e  
composi t ion of  H2S a t  t h e  i n t e r f a c e  i s  e s s e n t i a l l y  zero  f o r  a l l  
runs i n d i c a t i n g  t h a t  t h e  a b s o r p t i o n  of H2S i s  e n t i r e l y  gas  phase 
c o n t r o l l e d .  The r a t e  of a b s o r p t i o n  of  C02  was n o t  a f f e c t e d  by gas  
phase r e s i s t a n c e .  The r e a c t i o n  of CO2 w i t h  t h e  amine i s  under 
p s e u d o - f i r s t  o r d e r  r e a c t i o n  c o n d i t i o n s  and t h e  r a t e  of a b s o r p t i o n  
i s  g iven  by Danckwerts (29) 

The r a t e  of  a b s o r p t i o n  of  HzS, however, i s  somewhat a f f e c t e d  by t h e  
presence  of COz i n  t h e  gas  phase a s  i n q i c a t e d  by nonzero c r o s s  
c o e f f i c i e n t s  i n  t h e  m a t r i c e s  [ k  ] and [K 1 .  F i g u r e s  12 and 13 
show p l o t s  of  c a l c u l a t e d  versus’bexperimen~~P1y measured a b s o r p t i o n  
r a t e s .  The average d e v i a t i o n  of  t h e  t h e o r e t i c a l  model from t h e  
exper imenta l  r e s u l t s  i s  10.2% and 12.9% f o r  COz and HzS, 
r e s p e c t i v e l y .  

Under t h e s e  c o n d i t i o n s  , t h e  s e l e c t i v i t y  f o r  H2S a b s o r p t i o n  
depends mainly on t h e  gas  phase r e s i s t a n c e .  This  model may be used 
f o r  the l e a n  end of i n d u s t r i a l  absorbers  where H2S a b s o r p t i o n  i s  
c o n t r o l l e d  by gas  phase r e s i s t a n c e .  To i n c r e a s e  t h e  s e l e c t i v i t y  
f o r  H2S a b s o r p t i o n ,  t h e  gas  phase r e s i s t a n c e  has  t o  be lowered t o  
t h e  range where t h e  l i q u i d  phase r e s i s t a n c e  f o r  H2S a b s o r p t i o n  
becomes s i g n i f i c a n t  and has  t o  be inc luded  i n  t h e  a n a l y s i s .  
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NOMENCLATURE 

a d imens ionless  c o n c e n t r a t i o n  of gas  A 

a* dimensionless  c o n c e n t r a t i o n  of gas  A a t  t h e  r e a c t i o n  
p l a n e  
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A 

A 

*i 
b 

B 

Bi 
C 

C 

'i 

'MDEA 

cO 

d 

D 

E 

[E I 
H 

h 

[I1 

Ji 

ki 
k a  

k2 

k . .  
13 

[ k ' l  

[KO1 

constant defined in Equation (56) 

concentration of gas A ,  gmole/& 

interfacial concentration of gas A, gmole/l 

dimensionless concentration of gas B 

constant defined in Equation ( 5 7 )  

interfacial concentration of gas B, gmole/!2 

dimensionless concentration of  liquid reactant C 

total molar concentration in liquid, g mole/R 

molar concentration of ionic species i in liquid, gntole/2 

concentration of MDEA in aqueous solution, gmole/& 

concentration of MDEA in the bulk liquid, gmolefl 

impeller diameter, cm 

di f fusivi ty , cm2/s 

enhancement factor 

matrix of correction factors 

Henry's law constant, 2atmfgniole 

solubility factor, Rfgmole 

identity matrix 

molar diffusion flux of species i, gmole/cm2s 

second-order rate constant Q/gmole s 

physical absorption mass transfer coefficient, cm/s 

chemical absorption mass transfer coefficient, cm/s 

constituent binary pair gas phase mass transfer 
coefficients, gmole/cm2s atm 

partial matrix of multicomponent mass transfer 
coefficients 

overall matrix of multicomponent mass transfer 
coefficients 
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II 

[MI 

M 

mA 

mB 

NQ 

Ni 

n 

P 

ii 
r 

‘C 

ReQ 
S 

sc 

Sh 

T 

X. 
1 

xL 

Yi 
2 

HAIMOUR, BIDARIAN , AND SANDALL 

absorber diameter, cm 

matrix of equilibrium constants 

dimensionless parameter = k2CoDA/kiA2 

concentration ratio = A./Co 

concentration ratio = Bi/Co 

number of species in mixture 

speed of liquid impeller, rps 

total molar flux of species i, gmole/cm2s 

total pressure, atm 

rate of  absorption, gmole/cm2s 

diffusivity ratio = D / D  B C  
diffusivity ratio = DC/DA 

Reynolds number = d2NQp/v 

variable defined in Equation (35)  

Schmidt number = p/pD 

Sherwood number = ki!2/D 

temperature, O K  

mole fraction of species i in the liquid phase 

film thickness, cm 

mole fraction of species i in the gas phase 

valence of ionic species 

Greek Symbols 

&i A 

a* B 
t PI bootstrap solution matrix 

Kronecker delta 6i j 
IJ viscosity of aqueous MDEA s o l u t i o n ,  CP 

constant defined by Equation (52) 

constant defined by Equation (53) 
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viscosity of pure water, cp 

viscosity o f  pure MDEA, cp 

volume fraction of water in solution 

volume fraction of MDEA in solution 

I-IA 

VB 

@A 

@B 

P density of solution, g/cm3 

(J 

E 
p 
Matrix 

0 
1 1  

1 1-I 

Subscripts 

b bulk phase property 

Y gas phase property 

X liquid phase property 

A property corresponding to C02 

B property corresponding to H2S 

C property corresponding t o  MDEA 

G 

11 liquid phase property 

+ property corresponding to cations in solution 

selectivity for gas B = EB/EA 

dimensionless distance into the liquid 

dimensionless distance to reaction plane 

column matrix of  dimension & 

square matrix of dimension, n-l x n-l 

inverted matrix, @ x n-1 

property corresponding to dissolved gas 

- property corresponding t o  anions in solution 

Super c r i p  t s 

equilibrium value 

coefficient corresponding to finite mass transfer rates 

A 

0 property corresponding to water 
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