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Absiraet-Unsteady-state absorption of CO2 into ~:/o emulsion was studied by experimental measurements and pre- 
diction from mathematical modeling. Absorption experiments were performed by using a stirred vessd with a flat gas- 
liquid interface under 0.101 MPa and 25 ~ Continuous phase was benzene that has larger solubility than water. 
Dispersed phase was an aqueous solution of NaOH and AMR The effects of reactant concentration, size of em:fl- 
sifted droplets, volume fraction of continuous phase and stimng speed on the absorption rate of CO2 were investigated. 
In the mathematical model, tile mechanism of CC5 absorption into the continuous phase through a gas-liquid interface 
was described on the basis of the penelration model, while the subsequent absorptiorv'reaction in the dispersed aqueous 
droplets was modeled by the fihn model. 
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INTRODUCTION 

Carbon dioxide is a major component of greenhouse gases, which 
cause global warning, and many efforts have been made to solve 
this problem. Recently chemical absorption and membranes based 
on separation processes are the possible promising processes by 
which CO2 can be successfifily reduced from in&:sh-ial waste gases 
and other gaseous mLxtures, 

Artificial membranes have been a topic of gi~at interest in recent 
years because of their potential applications. One of the most intrigu- 
ing classes of a:~/Ncial memb:~anes is the liquid membrane. In gen- 
era~ there are t~vo main ts~es of liquid membrane systems that have 
been considered for practical applications: emulsion-type liquid mem- 
branes and supported liquid membranes. Emulsion-type liquid mem- 
branes are made by foIming emulsions of two immiscible phases 
and then dispersing them in a third phase (the eonfinuous phase). 
The emulsion is stabilized by s:wf'actants. The liquid membrane pro- 
cesses have found applications in sepat'ation of metal [C~:an et al., 
1984; Bunge et al., 1984, 1987; Danesi etal ,  1986] and hydrocar- 
bons [Bunge et al., 1987; Tecamoto et al., 1981; Ho et al., 1982; Kim 
et al., 1983]. 

It ks l~own that the dispersed second liquid in w/o emulsion ca:: 
enhance the mass transfer of a dissolved gas in a gas-liquid system. 
Various authors ha:m given a qL~litative explanation of ti~s phe- 
nomenon: small dioplets of a liquid immiscible with the conthmous 
liquid phase absorb the gas in the hydrodynamic mass-trmasfer film, 
after which desorption of the gas takes place in the gas-poor bulk 
of  the liquid. 

Linek and Benes [1976] have studied gas absorption into oil-in- 
water (olw) emulsion or water-in-oil ('~#o) emulsion. In a/w type 
emulsions, the mass transfer coefficient is not affected by the con- 
tent of the oil phase, whereas in the w/o type emulsion, the coeffi- 
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cient increases in proportion to the volume fraction of oil. 
Mehra and Sharma [1985, 1986] have reported on the absorp- 

tion of isotx:tylene, butene-1 and propylene in microemulsions of 
chlorobenzene in aqueous solntior~ of sulfuric acid, where en- 
hancement factors as l ~ h  as 25 have been ad~eved They have sug- 
gested that the specific rate of absorption of a sparingly soluble gas, 
in a liquid where reaction occurs, may be substantially e:~-~anced 
by the use of a second liquid phase which is immiscible with the 
original liquid phase but ~laibits a prononnced solubility for the 
gas. The second liquid phase may be silnply dispersed or emulsi- 
fied The emulsion may ha~,e dispersed liquid droplets in size smaller 
than the diffusional film thickness. Enhancements of rates are ex- 
pected due to an additional mode of Wansport of the solute gas via 
the second liquid phase. 

Brtmaing et al. [1 986] have studied the absorption of oxygen into 
oil-in-water em~siol~s. It has been shown that the rate of mass aans- 
fer of oxygen into an aqueous sulfite solution can be enhanced by 
the presence of small amounts of  a dispersed o:gmic phase. Mehra 
[1988] and Mehra et al. [1988] have analyzed the process of ab- 
sorption of gases into emulsion of an additional licluid phase on the 
basis of the unsteady-state theory and compared the predicted en- 
hancement factors with the measured ones. 

As mentioned above, the dispersed phase plays a role of a car- 
tier which transports the dissolved gas frcan the gas-licttfid interface 
to the bulk body of the liquid, and the reaction of the dissolved gas 
with reactant occurs in the continuous phase. 

If  the system is w/o type emulsion such that the dispersed phase 
is the aqueous solution containing reactant, and the continuous phase 
is the o:ganic solvent having larger solubility of gas than water, then 
the specific I-ate of absorption may be enhanced because of larger 
solubility and chemical reaction. 

The hindered amine such as 2-amino- 2-methyl- 1 -proixmol ( AMP ) 
is off;en used to absorb CO2, because the desorption of C Q  frOln 
the abscaSed AMP solution is eaw and the data about solubility of 
C Q  with AMP was well established systematically [Baek et al., 
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Fig. 1. Chemical absorption path of gas (A) into w/o emulsion. 

21XlO]. 
In this study, the absorption mechanism of CCh into w/o emul- 

sion composed of aqueous (AMP) amine solution and benzene is 
presented, and the measured absorption rates of CCh are compared 
with those obtained frcnl tile model based on peneWation theory 
witi1 chemical reaction. 

The effectiveness factor here can be defined as 

Ej. 4 ~R-'nA 3 dc~A 
(4/3)=RSk_,%%0 i~s ~yy y=l (9) 

where i1,1 is tile flux of COe defined as D~adc/drl,,_~. 
Tile conservation equation for tile dissolved gas m tile continu- 

ous liquid phase at unsteady-state can be written as 

D b'~C------* 3CA ~(1 a)k,c~HACAE j (10) 
A OZ 2 b t  

T H E O R Y  Boundary and initial conditions are given as 

In case of absorption of CCh into w/o emulsion with benzene- 
aqueous amine solution as shown m Fig. 1, a nlathenlatical model 
is developed to describe the absorption of CCh into the continuous 
benzene pt~se ti~-ough tile gas-liquid interface ullder unsteady-state 
and b-mlsfer into tile dispersed aqueous droplets ti~ough tile liquid- 
liquid interface under steady-state, where the chemical reaction of 
Gel 2 occui~. 

Tile following asstnnptions are made to set up tile conservation 
equations: 

(1) HeI~y's law holds, (21 tile reaction of CKh with reactalt in tile 
aqueous droplets is of first-order with respect to both COe and reac- 
tank (3) isothennal condition prevails, (41 size and stxape of tile dis- 
persed aqueous droplets are uniform arid spheroid, respectively. 

Under these asstraptions, the conservation equations of COe ab- 
sorbed m tile dispersed aqueous phase are given as 

D (d-'% +2d%~ 
~Ak dr-' r-&-}=k-'%% (1) 

D ( dec. +2d%]=vk,%% (2) 
~q, dr-' r dr~ - 

Boundary conditions to be imposed are 

d% 
r =R; % =% =HACA, ~ =0 (3) 

d% d% 
r=0; dr dr 0 (4) 

Eqs. I 1 ), ( 2 ) and the boundary conditions are put into dimension- 
less fonns as follows: 

d 2eta 2dora , 
d--~ +Y d-'7 m:ctAc% (5) 

z 0, t>0;C A C,~ (11) 

z>0, t-0; C A 0 (12) 

z ~ , t>0;C A 0 (13) 

Eqs. (101 through (131 are put into the dimensionless form as fol- 
1OWK 

b2YA 3YA +E;.YA (14) 
bx ~ 00 

x 0,0>0;YA 1 (15) 

x>0,0 0;YA 0 (16) 

x %0>0;YA 0 (17) 

where 0 =Mk)/D A, x=,~kLz/DA and M ( 1 a)k2%0HADA 
t.i 

The mass flux with chemical reaction at any contact time (~ is de- 
fined as 

NA = DA~[== ~ (18) 

The mean mass fltt, c dining contact time, t is written as 

NA = ~c NAd0 (19) 

The mean mass flrr; without chemical reaction based on the pene- 
tration model has been derived as follows [Higbie, 1935]: 

N~ = 2 C , ~  (20) 

The enhancement factor (ol here defined as the ratio of mass flux 
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with chemical reaction to that without chemical reaction, is described 
by using Eqs. (19) and (20) as follows: 

NA (21) =~  

EXPERIMENTAL 

All chemicals in tim study were reagent grade and used without 
f~ther purification. Pt~ty of both C Q  and Ne gases was more than 
99.9%. Sodiumhydro:dde (NaOH 1, and 2-amino-2-methyl-l-pro- 
panol CAMP ) were used as reagents of COe. The w/o type emul- 
sion from benzene and aqueous solution was made by the same pro- 
cedure as those reported elsewhere [Park et al., 1997] by a&!itg 
Tween 80 and Arlacel 83 as surfactant~ by using a homogenizer 
(Fisher Scientific Co. I in the i-ange of agitation speed of 1,500 to 
1 (1,(11)0 rev/nliil~ aild tile mean size of aqueous droplets was meas- 
ured by Image Analyzer (Leitz TAS Plus Co. I. The absorption rates 
of CCL, with a flat stirred vessel were measured along the proce- 
dure identical to those reported elsewhere [Park et al., 1994] at 25 
~ and an almospheric pressure. For the absorption experiments, 
the range of concenb-ation of reactant was 0.5-2.(I 1,.~nol/nl 3, ti~at of 
agitation speeck 1 (~:~2(~) rev/min, that of droplet radius, 2-15 1 (r ~ m 
and that of volume fi-action of continuous phase, 0.6-0.8. 

PHYSICOCHEMICAL PROPERTIES 

In the reaction of C Q  with NaOH [Danck~velts et al., 1966] and 
AMP [Messaoudi et al., 1996] the reaction rate constams were es- 
timated as follows. 

For NaOH, logk2 =13.635 - ~ - ~  +0.131I 

2551.2 
For AMP, logk, =10.968 T 

The distribution coetiicient of CCL, between benzene and aqueous 
solution, HA, was obtained fi-om the ratio of tile solubility of CO~ 
in benzene to that in aqueous solution. 

The mass transfer coefficient, kL, of CCL, in CO/benzene system 
was measured aloilg the prccedure as reported elsewhere [Park et 
al., 1994] and the values at agitation speeds of l(x), 150 and 2(x) 
IWI were 4.55 l(ff Ill/S, 5.13 I(K nl/s, and 10.34 l(K lil/s, reslmc- 
tively. 

RESULTS AND DISCUSSION 

The chemical absorption of CO2 into two reactants used in this 
study lies in a pseudo-first-order fast reaction region [Domiswany 
et al., 1984], where it is assumed that the concenmation of reactant, 
c> in the aqueous droplets may be constant as either the feed con- 
cenlration (c~) or the intelthcial concenmation (%) between ben- 
zene and aqueous solution. 

If % is equal to %~, Eqs. (5) through (81 are reduced to 

d2ctx 2dctA= ~ (22) 
dy ~ + y d y  InA% 

y = l ;  cxA=I (23) 

dc~.= 0 y=0;  dy (24) 

The exact solution to Ec~ (221 with the bounday conditions. Eqs. 
( 231 and ( 241 is given as follows: 

sinh(may) 
cx, - ysinh(mA) (25) 

Using t~qs. (91 and (25 I. the effectiveness factor is written as 

E=3(1..____j~ 1 (26) 
: m.~,tanh(m.) ~-~,1 

The value of diffmivity of C Q  in benzene estimated from the 
Wilke-Chang equation [Danck~verts, 1970] was 3.853 l(r~ 
at 25 ~ 

The values of diffusivity of COe in NaOH [Hikida et al., 1979] 
andAMP [Nijsing et al., 1995] solutions were estimated as follows: 

ForNaOH, D~A D ~  (1-0.129%) 
For AMR D~A=2.1625 �9 10 -~ 6.85 10-~%,+7 �9 10-Tc~L, 

The ratio of ditfusivity of reactant to that of CO~ in benzene (rBI 
was assumed to be equal to the ratio in water, i.e., D,B/D,A=D,Bw/ 
D~A~ [Nijsing et al., 1995]. The diffusivities of NaOH [Hikida et 
al., 1979] and AMP [Nijsing et al., 1995] in water at 25 ~ have 
been reported to be 3 .24  l ( r  ~ lW'/s and 7.24. l(r*~ respec- 
tively. 

The values of solubility of CCL, in benzene and water were 0.1107 
lanol/m ~ [Park et al., 1997] and 0.035 tanol/m 3 [Danckweerts, 1 970] 
at 25 ~ and 0.101 MPa, respectively. The values of solubility of 
CCL, in NaOH [Danckwerts, 1970] and AMP [Saha et al., 1993] 
solutions were estimated as follows: 

For NaOH log( c~ ) =-kI  

For AMP, c~ =3.485: :10-' 3.76: : 10-~ +-4: : 10-~%, 

I f  % is equal to %. gA and E/are written as follows: 

sinh(InAll y ) 
C~ A - -  

ysnlh(II1Ay) 

~ [  l l 1 

lnA t a n h ( l n A ~  l n A 4 1 - ~ J  

(27) 

o r  

_3_[1 
(1 E,.)YA ianh m 1 (1 E,.)YA / E J - m , J 1 -  q~ ( , J -  q~ , 

mAJ1- ( 1 - %E")YA~ 
(28) 

where, 11 =. c/~7 andctB = 1 +1 E~. 
%, c> 

The values of E/calculated from Eq. (281 were plotted for vat- 
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Fig. 2. Effect o f m  a on effectiveness factor for various values of q~. 

ious values ofmA with a parameter of % in Fig. 2. As shown in Fig. 
2, E s decreased with increasing mA and q~ and E mpproached to an 
asymptote. It can be said that the concentration of CO2 in the con- 
tmuous phase decreases with an increase in the depttl fionl the gas- 
liquid interface, and the reaction can be regarded as a pseudo-frrst- 
order one becuause cB, approaches %~ for large values of %, i.e., 
%=.:~. 

The concentration of CO: in aqueous droplets can be calculated 
fionl Eq. (251 or (271 when % is equal to c~ or %. Fig. 3 shows 
typical concenlration profiles of CO2 when % is equal to c~ with a 
parameter of mA in case of M of N) and 4 of 20. As shown in Fig. 
3, 0~ A increases as y approaches tmity, i.e., the surface of &oplet, 
and the concentration gradient at the surface, do~/dyl~_, increases 
with increasing m,, which is contt-a~y to the results as shovm in Fig. 
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Fig. 4. Concenl~ation profile ofCO~ in the conlinuous phase at var- 
ious values of mA at M=40.  

2. Eq. 19)suggests that the degree of decrease in l/m~ should be 
smaller than that of  increase in do~A/dyly < with increasing mA. 

II1 order to observe the effects ofmA and M onflle concentration 
profile of CO: in the continuous phase, YA was obtained from the 
numerical solution to Eq. (141 by the finite diffcrence method with 
centered difference formula for variable x and fol~vard difference 
forlnula for variable O. 

Fig. 4 shows typical plots of YA against x at vaxious values of 
mA at M of dO. As shown in this fgure, YA decreased as the depth 
from the gas-liquid interface increased and InA decreased. 

The conce~ltvafion gradient at the gas-liquid interface, -d'Q/dxl~-0, 
was obtaiued as the slope of plots of YA against x depicted in Fig. 4, 
and it was plotted against mAm Fig. 5 with a parameter of M. As 
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Fig. 3. Dimensionless eoncenlration profiles of CO, in the dispersed 
phase for various values of m A at M=40  and q~ 
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Fig. 7. Effect of M on the slope at the gas-fiquid interface for var-  
ious va lues  of mA. 

shown in Fig. 5, the slope decreased with increasing mA and M. 
Fig. 6 shows typical plots of YA against x at various values of M 

at m A of 50. As shown in Fig. 6, ~ decreased with increasing depth 
and decreasing M. The slope at x=0 in Fig. 6 was plotted against 
M m Fig. 7 wiffl a parameter oflnA. It is apparent in this figure that 
the slope decreases with increasing M and decreasing mA. 

In order to observe the effects ofmA and M on the enhancement 
factol; •, was calculated by using Eq. (21 1. Fig. 8 shows a plot of 
against M wiffl mA as a parameter. As shown m Fig. 8, ~ increased 
with increasing M and deczeetsing m A. Because the concenb-ation 
gradient decreased with increasing M as shown in Fig. 7, (~ should 
decrease, but the tendency was the contrary to that shown in Fig. 8. 
Therefore, it may be explained that the increase of ~ exerts itfflu- 

ence more on the increase of M rather than the decrease of the con- 
centtation gradient. 

The calculated values of enhancement factor tmsed on the pene- 
tration model were compared with those determined fi-om the ab- 
sorption rates by changing the concentration of reactant~ the agita- 
tion spee& the size of droplets and the volume fi-action of continu- 
ous phase in w/o type emulsion, in order to check the conformity 
of the proposed model�9 

Fig. 9 shows a plot of eifllancement factor against the concentra- 
tion of reactant under the typical experimental conditions such as 
agitation speed of 200 rev/mir~ aqueous droplet size of 10 btm in 

10 
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! .5 2.0 

Fig. 9. Effect of  amine  concentration of  enhancement  factor for 
various amines  at R=10  g in ,  1~=1.034x10 -4 m/s, and 8 = 
0.6. 
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elnulsion prel~-ed at 5,0IX) rev/nlm and volume fi-action of 0.6. Tile 
solid curves represent the calculated values from Eq. (21) and the 
symbols refer to experimental data. As shown in Fig. 9, tile calcu- 
lated values approach reasonably to tile exp~imental pomLs, and 0 
increases with increasing reactant concentpatiort It is apparent from 
their definition that tile values of mA mid M increase with increas- 
ing %~ Although E, decreases with increasing mA and q~ as shown 
in Fig. 2, tile product teml of E I and M increases with increasing 
ca,. Therefore, it can be said that ~ is influenced more by M tilan 
mA with an increase of %0. As shown in Fig. 9, �9 also depends on 

70 
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30 
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k L X 1 0 3, c m / s  

Fig. 10. Effect of  mass transfer coefficient on enhancement factor 
for various amines at cBo=l.0 knlol/nl 3, R=10  gnl, and ~= 
0.6. 

file species of reactant. In other words, it increases in file order of 
NaOH and AMR This is caused by the fact that the reaction rate 
constant for tiie reactant increases in file order of file reactants men- 
tioned above. 

Fig. 10 shows a plot of enhancement factor against mass hans- 
fer coefficient, which depends on file agitation speed, under file typ- 
ical experimental conditions such as reactant concentration of 1.0 
kanol/m 3, droplet size of 10 Nn and volume fi-action of ([6. As shown 
in Fig. 10, tile enhancement t~actor was decreased witi1 increasing 
mass transfer coefficient, i.e., increasing of agitation speed. This 
tendency can be a\plained by file fact that M decreases with increas- 
ing mass trmlsfer coefficient. It may be said tilat file effect of agita- 
tion speed on 0, is dilninished owing to a more decreased degree 
of O with an increase of mass tt-mlsfer coefficienk as shown in Fig. 10. 

Fig. 11 shows a typical plot of enhancement factor against drop- 
let size at reactant concenti-atic~l of 1.01,anoFm ~, agitation speed of 
2IX) rev/mm and volume fraction of ([6. It is proved fi-om fflis figure 
that the enhancement factor decreases with increasing droplet size. 
This is because mA increases with increasing droplet size, and file 
ratio of the interihcial area between benzene and aqueous phase to 
tile volume of droplet decreases with increasing droplet size. 

Fig. 12 shows a typical plot of entkmlcement factor against vol- 
ume fraction of benzene phase at reactant concenWation of 1.0 l, xnol/ 
m ~, agitation speed of 2(~)rev/mm and ddroplet size of 10 Ball. As 
shown in Fig. 12, file enhancement factor decreased witi1 increas- 
ing volume fraction. For M decreases with increasing ~, and the zone 
of chemical reaction becomes nalTOW with an increase of file vol- 
ume of benzene phase. 

As shown in Figs. 9 ti~ough 12, tile enhancement factor was in- 
fluenced by expermlmtal valiables such as reaction rate constant, 
reactant concentration, mass tmrlsfer coefficient, droplet size and 
volume fraction of benzene phase. In order to investigate file ef- 
fect,s of such experimental variables on tile enhancement factor as 

20 

18 

16 

14 

12 

8 

6 

4 

,.} 

0 

- .~ NaOlt 

~ AMP 

3 5 7 9 11 I3 15 

R, (gin) 

Fig. 11. Effect of  liquid droplet size on enhancement factor for var- 
ious amines at %o=1.0 knloFn~, kz= l .034x10  -4 m/s, and 
~=0.6. 
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a whole, the relationship between @ and the product of E~ and M, 
which are calculated for the e-,-perimental variables, is shown in Fig. 
13. As shown in tilis figure, tile experimental values of @ approadled 
reasonably to the calculated ones, and $ increased with an increase 
of the product of Efand M, from which ~) could be expressed as a 
function of the product of  E~and M. 

C O N C L U S I O N  

Carbon dioxide from CCh-N2 gas mf-,~res was absorbed into 
w/o emulsion composed of aqueous amine solution and benzene 
by using a stirred vessel with a flat gas-liquid intelihce at 25 ~ and 
an abnosphefic pressure. Tile enhancement factor of CCh absorp- 
tion increased with increasing reactant concenlration, whereas it 
decreased with increasing agitation speed, size of aqueous droplet 
and volume fi-action of benzene. 

A mathematical model was developed as a combination of phy- 
sical absolption into tile oontiIlUOus phase ti~ough tile gas-liquid 
interface on the basis of the penetration model and chemical ab- 
sorption into the dispersed phase through the liquid-liquid interface 
on the basis of film model. 

The enhancement factors calculated by the numerical analysis 
of the proposed model of diffusion with chemical reaction approach- 
ed reasonably to the e-,-perimental values. 
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N O M E N C L A T U R E  

CA �9 concentration of CCh in benzene [lanol/ln 3] 

r 

rB 
% 

4 
t 
T 
X 

Y 
Z 
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solubility of CCh in aqueous phase [l,~-nol/m ~] 
solubility of  CCh in water [lan Olfln 3] 
feed concentration of COe in water [l,~-nol/m 3] 
solubility of  CCh in benzene [kmol/m 3] 
concentration of component i in aqueous phase [kmol/m ~] 
diffusivity of CCh in benzene [me/s] 
diffusivity of  component i in aqueous phase [me/s] 
effectiveness factor defined as by Eq. (9) 
dimensionless solubility defined as c~/CA 
ionic strengtil [m~/kg-ion] 
2nd order reaction rate constant [mVknnol.s] 
mass transfer coefficient of CCh in benzene [m/s] 
dimensionless modulus defined as ( 1 - e Ike%oHADjk s 
dimensionless modulus defined as R ~  
mass transfer rate of COe at gas-liquid interface witil chem- 
ical reaction in benzene [kmol/m e.s] 
mass h-ansfer rate of CCh at gas-liquid interface without chem- 
ical reaction in benzene [kmol/m e-s] 
mass transfer rate of COe from benzene phase into aqueous 
phase [tanol/m~'. s ] 
radius of aqueous droplet in benzene phase 
radial distance in aqueous phase [m] 
diffusivity ratio defined as D~B/D~A 
dimensionless concentration defined as %o/C~ 
dimensionless concentration defined as %o/HACA, 
time [s] 
temperature [K] 
cEnensionless coordinate ii1 filin ttliclaless direction in ben- 
zene phase defined as z~/(1 -e)k~% H ~ ) ~  
dimensionless concentration in benzene phase 
dimensionless radial coordinate defined as r/R 
coordinate in film thickness direction in benzene phase [m] 

Greek  
~A 

0~ B 

Letters  

: dimensionless concentration of CCh component in aque- 
ous phase defined as cA/c~ 

: dimensionless concentration of  B component in aqueous 
phase defined as m %/%~ 

: volume fraction of benzene phase in tim emulsion 
: dimensionless time defined as ( 1 -  e )k~ceoHAt 
: enhancement factor 
: stoichiometric coefficient in chemical reaction of CCh with 

alkaline reactant 

Subscripts  

A 
B 
E 
i 
0 

W 

C O 2  

reactant (amine) 
aqueous 
g as-liquid interface 
bulk body 
pure water phase 
liquid-liquid interface 
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