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Abstract—The transport of a gas across a stationary liquid film contamning reactive species i1s
mvestigated for the purpose of determining gas permeabilities or mass transfer coefficients in reacting
solutions Under Iimiting conditions when the reaction time constant far exceeds the diffusional time
constant, the flux of the transported gas follows Fick’s law of diffusion Analytical series solution for
the contribution of the chemical reaction to the transport process 1s obtamed using the techmque of
perturbation analysis, criteria for the vahdity of various terms 1n the series solution are presented The
permeability of carbon dioxide 1n water and in 1IN NaHCO,~Na,CO, solution 1s estimated It 1s shown
that a high degree of accuracy 1n the data 1s necessary for obtamning separate estimates of diffusivity

and solubility by this techmque

INTRODUCTION

Several industrial processes mvolve gas absorption
accompanied by chemical reaction, in the design of
such equipment, pertinent information regarding
diffusivity and physical solubihity of the gas in the
reacting solution 1s often necessary A few semi-
empirical correlations for predicting the same,
based on mass transfer in non-reacting solutions,
have been reported in the literature[1-3] The ab-
sorption of carbon dioxide in HCO; /CO,*” solution
(lonic strength 1-3 gmion/l) has been studied for
determining VDC* (where D 1s the diffusivity and
C* 1s the physical solubility) using equipment of
known surface area, such as the wetted-wall
column([4, 5] and rotating drum[6] The analysis
these studies conformed to the assumption that the
reactions were ureversible

In this article, an experimental approach 1s out-
lined for estimating the permeability (product of
diffusivity and solubility) of gases 1n reacting solu-
tions The concept of permeability defined here 1s
similar to, but not the same as, that of classical
mass transfer coefficient in the film theory Use 1s
made of the fact that under a imiting condition, the
contribution of the chemical reaction to the overall
absorption process may be negligible This imiting
condition 1s realized whenever the time constant or
the relaxation time for the chemical reaction is
much larger than that for the diffusion process, the
necessary criterion for such a condition is de-
scribed The analysis presented here 1s limuted to

13

reversible reactions and one transferred (gas)
species

A smmilar concept has been described by
Danckwerts[7] for the experimental determination
of volumetric mass transfer coefficient, k;.a’, 1n ab-
sorption equipment However, as Danckwerts has
stated, “the condition for no-reaction in the film can
be quite restrictive when the mass transfer coeffi-
cient 1s low”’ [7] In the procedure described here,
the film thickness 1s under direct expertmental con-
trol, and the no-reaction condition has a greater
possibility of being satisfied

MODEL DESCRIPTION AND ANALYSIS

The process governing the mass transfer, accom-
panted by reversible chemical reaction, of a gas ac-
ross immobilized layers of hquid films or mem-
branes falls under the category of ‘facilitated’ diffu-
sion Such systems have been studied for a number
of years in the biological field, the model studies be-
gmning with the transport of oxygen across layers
of hemoglobin solutions[8, 9] are the most ger-
maine here Although a comparatively large amount
of literature has collected in this field (biological
and otherwise), published literature on the indus-
trial use of the ‘facilitated’ diffusion phenomenon in
the separation of gases remains munimmal

Steady-state diffusion of a reacting gas across a
planar hquid film

Consider the diffusion of a dissolved gas, A, ac-
ross a hqud film of thickness L. The film contains
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‘reacting’ species, A, and A,, which react with A, as
shown 1in Fig 1 A partial pressure driving force in
species A, namely p — p, 1s mantamned across the
hquid film Typical concentration profiles (C) for
the various species are also depicted in Fig 1 Sev-
eral species (A, 1=2,3, , n) may participate
other reactions, however, only the reaction involv-
mg apecies A, 1s constdered rate limiting 1n terms of
kmetics of the reaction

viA v A=Ay

;
S o(CorupCiax €,
olCatv2Cy

O/cz

LS«

Fig 1 Concentration and reaction profiles within a film

Allowng for “dilute” solutions and binary diffu-
sion coeflicients, the governing one-dimensional
diffusion-reaction equations at steady state, and the
appropriate boundary conditions are

DG _DdG_ &G
VIW v, dy’ Tdy? 3

and
A A 4G dG
@y—O, CI—CI(O ,—dy __dy =()
oA A dG dGs
@y=L, C/=C(), dy ~dy =0 Q)

Only three of the four boundary conditions on
the non-transferred are independent since one must
satisfy the stoichiometric relationship for the
“non-transferred” species, A; and A;

1 (" A . .
T L (Ca+ 1.Cdy = C,' 3

At this stage, the diffusion-reaction equations

and the boundary conditions are transposed to a
dimensionless form 1n order to examine the relative
importance of diffusion and chemical reaction
terms Thus,
2
C_
oo sad “)

where
a’=k.C/L’ID.
& =—n/k.C:"'
c=2CJc.
x=y/L
g1=D.wv/D,, g,=D.wn/D,, gs= —D./D;

and C., D- and k. are typical concentration, diff-
usivity and reaction rate constant, respectively
The dimensions of k.C.” are [sec]™

The steady-state flux of A, across the hqud film,
N,, 1s given by

D [dC]
N L dx Ji-o ©)

Defining N, as the Fickian flux, that 1s, the flux
obtained under conditions of physical absorption,

- cht ~

No===(C-0C) (6)
we have
where
C =C\)/cC.
c =C\/c.

The variable « 1s a measure of diffusion and reac-
tion resistances For first order irreversible reaction
1n a slab of thickness L, « 1s related to the half-
times for diffusion, t¢p, and reaction, fz, by a
constant[10]

a2=3 5 tD/ tR

For more complex reactions, such a simple corres-
pondence may not be observed

In a previous paper[11], two limiting regimes
were defined based on the relative magnitude of
reaction and diffusion terms

a—0
o>,

“Near diffusion” regime
“ .
Near equilibrium” regime
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We are concerned here with the near diffusion re-
gime m which the flux of the transported species in
excess of its diffusional flux 1s small compared to
that excess realized when all reactions are at
equilibrium, that 1s,

N1_N0<N|E_N0

where N, 1s the flux of the transported species
under the conditions of reaction equilibrium

A similar hmting condition 1s described by
Danckwerts[7] for gas absorption with chemical
reaction of species A, 1n bulk of the liquid For a
first-order irreversible reaction, “the condition that
a neghgible amount of gas absorbed should react in
the film” 1s given by[7]

Dk,
L

where k 1s the first order rate constant and k; 1s the
mass transfer coefficient

Asymptotic solution in the near diffusion regime

An asymptotic solution to the diffusion-reaction
equations for the imit « —0 1s derived below The
solution 1s non-singular, that 1s, valid in the entire
distance field, 0<x =<1 Utihizing the techmques of
perturbation theory, the concentration profiles are
postulated to be of the form

c___ Cl(0)+a2C‘(l)+a4C:I(2)+ (8)

The dimensionless reaction-rate term ¢ 1s ex-
panded m a Taylor series around C” Subsequent
substitution of Eq (8) in the Taylor series for ¢
gives

3
¢=¢"+a’ 3 $'CV+ ©)
1=1
where

" =[dlc-co

|24
¢ —[aa]c,=c,‘°’

The flux of the diffusing species A, relative to its
Fickian flux 1s given by

&— 1 P az,l:dclm]

- dx 1.

_ — +0 2p+2
No  (C-O)Z JHoe a0

Substituting Egs (8) and (9) into Eq (4), and equat-

g terms n hike powers of a, we have

dZCI(p)
Tx_ = gla(n)

(11
where

89=0,

8(1)= ¢(0),

3
8= ¢'C", etc
=1

Since the final solution to the problem must satisfy
the boundary conditions and the stoichiometric re-
lationship for any degree 1 a, we may choose to
assure consistency by requiring

@x = 0 C () = C—v
@x= 1 CI(O) — C
_ dCZ(O) N dc3(0)
@x=0,1 PR =0= dx 12)
1
I (Cz(o) + CS(O)) dx — Co
o
and
@x=0,1 c”=0
@x=0, 1 dc,® . dC,®
x0T 13

1
f (Cz(p)+ C3(P)) dx = 0
0

where C,=C,7/C+, and p =1, 2,

The non-linear set of diffusion-reaction equations,
Eq (4), has been reduced to a series of ordmary
Iinear differential equations, Eq (11), since for any
degree of approximation p, 8 1s determined from
the (p — 1)th approximation The zero-order solu-
tion to Eq (11), that 1s, for p=0, 1s

O _ A~ v
e (19
where v are constants of integration
Note that the zero-order solution, Eq (14), predicts
zero facilitation (or enhancement) 1n the flux of A,
For p > 1, the solution to Eq (11) may be written 1n
the following generalized form

CP=gA"+e"x+v (15)

[dC“"’ 16)

dx ] =0 = gl(fo(p) + Ao(p) - M(p))
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where
fp)=f5(p) dx,

AP = [ dx,

and €” and v are constants of mtegration
Subscripts 0, 1 on f® and A® denote evaluation at
x =0, 1, respectively Equation (10) may therefore
be written as

N_,, &
N e

P
% 2 az’()n(”—Ag("—fg(”)+0(a2"”) a7
=1

Wnting the flux equation in this form, we can see
that the estimate of permeability 1s obtained from
the experimental determination of N, when the
condition a—0 1s satisfied since
Limit N, = N, (18)
a=0
The major theoretical question 1s to find a criterion
for the magnitude of « that would permit the ex-
trapolation of N; to Ny at « =0 This 1s determined
by evaluating the various terms n the expansion
sertes, Eq (17)

In as much as the first term in Eq (17), j=1,
domunates the series, a linear extrapolation may be
made 1n a plot of [(N/No)—1] vs «* The second-
order correction term 1n Eq (17), =2, 1s meaning-
ful only 1n that a criterton for the vahdity of the
first-order correction term 1s made available

The reader may easily verify that for any general-
1zed reaction rate which 1s first-order in the trans-
ferred species A,, namely, kinetic function of the
form (where S 1s any function of C,, C)

_ C,Cz'" - C]"K
$=75G C) (19
one always obtains
fo(l) = AOU) = 0’ ] = 1: 29 s (20)

and Eq (17) reduces to the following simpler form

_(C+OK

(,y}((!)n )/(72(0)"] ) 2

@1

p
=1+—="— > a”A" +0(a™"?)
N ez

N, & 22)

Note that ¥, and v;, as indicated by Eq (21), are
equilibrium values for C; and C; determined at the

arthmetic average concentration of the transferred
species A, at the two interfaces (x=0and x=1) A
simlar analysis for the specific case of oxygen
facihitation across thin hemoglobn film 1s given by
Smuth et al [12]

With a knowledge of the kinetics of the reaction
and approximate value for the kinetic constants,
one can evaluate the first few terms of the series in-
dicated in Eq (22) This can then be utilized to
determine the experimental range of parameters re-
quired to estimate N, by extrapolation of Eq (22) to
a =0 The procedure 1s illustrated in the following
example

EXAMPLE CO,/HCO, /CO;*~ SYSTEM

The diffusion of carbon dioxide across a hiquid
film contarmng HCO, /CO,” 1s investigated herein
The rate controlling reactions for the process are

Ky

CO,+H,O H'+HCO,"

k1

CO,+OH === HCO,"

k-3

23

The following very fast reactions are assumed to be
at equilibrium

HCO; =H"'+COy/, K,
29
H,O0=H'+O0OH ,K,

The rate of depletion of carbon dioxide 1s given
by[13]
Az A A
rl=kICA]_kAIK3(;\3 +%%— A
¢ Ky G

which may be rearranged as follows

A A 2
n=k(14n22)(6,-18) o)
) K G,
where
kK,
=K,
kK
K=K

(Subscripts 1, 2, 3, on € and D, refer to CO,, CO:™",
HCO; respectively ) Defining

x=y/L

Ci=CICN0), C.=C,lCT, C = ColEST
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a2= k|L2/D1

_ _ D) _ —2D,C0)
gl_ 1’ gZ_ DZCBT 7g3— D;C}T

(1229 (G- m )
¢‘(1+" G N\~ mag,

m=26"1KC.(0)

we have

&c
Fraak el

(26)

For Dyco,- == Dcog-, the solution of Eq (26) for a -0
1s as follows (see Appendix 1)

2,2
‘II:IT_;= 1+'$ Yoaz—%%[Yo+ng|(6—02§ )]a‘ Q27
where
©)
Yo=1+2n2g
Y3
1
= '"Y"[l‘(l—vs‘“‘)’]
Y2= n/73(0)2
{= YZ/YI
a=-(1-p)
and

N, =DHp(1-p)IL (5H, = C\(0), p = p/p)

v,” and ;" zre related by the following two equa-
tions

272(0) + 73(0) = 1 (28a)
Oy =122 (28b)

In an earlhier paper by Otto and Qumnn[13] on
carbon dioxide facilitation through CO;*" films, an
approximate solution to the diffusion-reaction
equations was obtamed on the assumption that the
concentration of HCO;™ and COs’~ was nearly con-
stant throughout the film The facilitation in the flux
so obtained by them, as Eq (27) in their paper[13]
1s equivalent to the first term in Eq 27 namely

1

ﬁ Yoa2

(see Appendix 2)

CES—Vol 29,No 1-B

For large values of (1+p/m), Eqs (28a) and (28b)
may be approximated to

2m
© _
o=l 1+p
o___m
Y2 _——1+p
Thus,
2mn
Yo—1+-1—+—p
1+
Y] _( 4"5)) Yo
n
1+p

The following literature values are used to evalyate
m and n for a 1 N NaHCO,~Na,CO; solution (C," =
107 moles/cm®)

k, 00375 sec”'[14]

kK. 1
8 0 86 sec™'[5])

KH, 0 1050 moles/cm’, atm[15]
D, 089x107° cm’/sec[16]

Figure 2 shows a typical variation of facilitation
factor, F, with respect to o’ where

N,

F=3-1 29)

The numerical solution to Eq (26), based on a
quasilinearization technique described 1n an earlier
paper[11], 1s also included in Fig 2 The magnitude
of the first and second order correction terms at
various values of carbon dioxide partial pressure at
x=0 (p) are given in Table 1 Also included in
Table 1 1s the critical value o.” defined as that o’ for
which the second order correction term contribu-
tion 1s equal to 10 per cent of the first order term
contribution, that 1s

al=0 IM

N

Therefore, for a < a., the second order correction
term may be neglected
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Table 1

F=Mo’— Na*

Correction terms (first and second) of Eq (27)

p=001
m=0019/p
n=1145

—g,=0086p
P, atm M N a’
1 01156 00226 051
2/3 0 1350 00164 083
1/3 0 1820 00132 138
1/10 03637 0 0305 119

100 T — T . T .

S tion of
Equation (26}

\ §

Numerical SOIU-J

First-Order
Correction

FACILITATION FACTOR F
S

Second-Order
Correction
Equation {27)

)

o

Fig 2 Facilitation factor as a function of o’, the ratio of
diffusion to reaction resistance

As 1s evidenced from the numbers given 1n Table
1, the perturbation solution, Eq (27), remains con-
vergent for a in the vicimity of unity and for signifi-
cant, though small, facihitation The criterion for the
convergence of the perturbation model is not that

Ma’<1
but
Na'< Md’
that 1s, the convergence of F, and not N\/N,, 1s

desired For the purpose of estimating D, and H,,
Eq (27) may be rearranged as follows

ML _pH + S H Y, L)+

= (30)

In Eq (30), N,L/(§ — p) may be recogmzed as the

*Gelman Instruments Company

Table 2 Permeability of carbon dioxide 1n IN
NaHCO,-Na,CO; solution

D\H,x 10"
moles/cm, atm, sec Source
420 [3,22]
435 [3,4)
457 [3,1]
38+x01 This work

effective permeability of carbon dioxide through
the HC03_/C032_ film

From the values given 1n Table 2, as long as a” 1s
less than «., the permeability data may be linearly
extrapolated to find D.H, by Eq (30)

EXPERIMENTAL METHODS AND RESULTS

The expermmental setup used in this study 1s :iden-
tical to the one described by Bassett and
Schultz[17] The hiquid film, constructed by soaking
a highly porous cellulose acetate membrane
(porosity 85%)* in the test solution, 1s held firmly
between two chambers of a diffusion cell On the
“upstream” side, a mixture of carbon dioxide and
nitrogen (latter to obtain the desired carbon dioxide
partial pressure) 1s passed continually at 20—40 cm’
per min On the “downstream’ side, helium 1s used
to sweep away the carbon dioxide that may have dif-
fused across the liqud film The total pressure in
the entire apparatus 1s one atmosphere, all gases
are saturated with water vapor prior to entry mto
the diffusion cell Gas streams are analyzed by
chromatography, and the flow rates measured with
a 10 cm’® soap bubble flow meter The steady state
transport rate of carbon dioxide across the mem-
brane 1s estimated from the measured flow rate and
composition of the ‘“downstream” side

The results of diffusion experiments for films
containing water and 1N sodium bicarbonate are
shown in Figs 3 and 4 In all the experimental runs
reported here, the “downstream” carbon dioxide
partial pressure was small

p~001p

For transport across the water film, the proportion-
ality between the carbon dioxide flux and its partial
pressure driving force 1s observed, the Fick’s
Law of diffusion gives

3 ‘—,lp) _D II(-ILI(?)MP) -6% cm’/mn,atm
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where

V, 1s the flux of carbon dioxide, cm’/min
A, 1s the membrane transfer area, =15 5cm’
P 1s the membrane porosity, =0 88
vis the molar volume at
24,450 cm’/gmole
L.1s the measured membrane thickness,
162(x 11)x10*cm
7 18 the tortuosity of the membrane (unknown)

il

25°C,

A least-squares fit through the onigin for the data in
Fig 3 gives

DSHS/r =5 51 x 107" gmoles/cm, atm, sec

The literature values for HS 1s 339X
107 moles/cm, atm[18] and that for D, ranges from
1 85-2 00 x 10™° cm?/sec[18, 19, 20] Using a water
film entrapped between two plastic films nstead of
the membrane soaked film employed 1n this study,
Otto and Quinn[13] obtained a carbon dioxide per-
meability value of 6 62 X 107" gmoles/cm, atm, sec
One therefore 1s inclined to believe that the said dif-
ference lies 1n the fact that the tortuosity of the
porous membrane used 1n this study 1s considerably
higher than umity Wittenberg[21] in his experi-
ments on transfer of nitrogen and oxygen across
hemoglobin solutions reports that the observed per-
meability (calculated as DYHSP/7) of mtrogen ac-
ross a water-soaked Millipore membrane was 8 4 x
1077 gmoles/cm, atm, sec[18,20] Assuming that
the porosity of the Gelman membrane and the Milh-
pore membrane are the same order of magnitude,
one estimates the tortuosity of the Millipore mem-

| o &
06k ]
25¢C /A
= g5k O Distiied Water o 4
£ A Buffer pH4 O/
S OO
ab + i
5 0 Ly 16232108y ° e
= S sl
=3
= 0.3# [e) g molesicm atm sec |
S AO
a
= (0]
2 o2k i
@ O
<
3
0l 20 .
0 / i ! L
0 05 10
ap ATM

Fig 3 Flux of carbon dioxide across a water film

brane to be 1 37 In a similar experimental set up,
Bassett and Schultz using a tortuosity of 1 obtained
a diffusivity value, at 25°C, for oxygen and nitrogen
of 2 01 x 107 cm*/sec [17] The corresponding liter-
ature values range between 187-325x107° and
1 8-2 25 x 107 cm®/sec, respectively [20]

Based on a permeability value of 6 602X
107" gmoles/cc, atm, sec, the tortuosity and, hence,
the diffusion path length, L, of the Gelman mem-
brane was calculated

L =L,r
=200(x20) u per membrane

That the carbon droxide flux across the water film
was not facilitated by the bicarbonate reactions can
be demonstrated by measuring the carbon dioxide
flux across an acidic film, the results of such a
measurement across a buffer solution, pH 4, are
also included in Fig 3

In Fig 4, the two separate lines for L =0 06 cm
represent data obtamned on two different occasions
Although the data for other values of thickness
were also obtained on various occasions, the close-
ness of the data followed a single least-squares line
fit for a given L At L =0 06 cm, the difference in
the two sets of data warranted that each be de-
scribed by a least-square line separately The dis-
crepancy n this data remamns unexplained From
the data reported in Fig 4, the carbon dioxide
fluxes at a partial pressure differential across the

L T
0d—A a0 Cg 10 39 molesfcc —
o 600 0C
O 8o

03— B

0l

CARBON DIOXIDE FLUX CC/MIN
C
\ R
T Y N

01—

0 1
06 08 10
Ap ATM

Fig 4 Flux of carbon dioxide across a IN
NaHCOQ,-Na,CO; film for vartous diffusion lengths
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Least Squares T
= Cubic Fit 7/0 Z_tqn (26

o -~
7

NiUAp gmolesiem atm  sec

38 J—

1k 12x 20%) cmPisec

Fig 5 Effective permeability of CO, through bicarbonate
solution as a function of k,L*

film of  atm were obtained by interpolation These
results are plotted m Fig 5 in accordance with the
co-ordmnates of Eq (30) using a diffusion thickness
per Gelman membrane of 200 A numerical solu-
tion to Eq (26) as well as a least-squares cubic fit
are included 1in Fig 5 for comparison Based on the
correction terms given in Table 1, we note that for
Eq (30) to be valid, o’ =0 83 The extrapolated in-
tercept at k,L>—0 1s

DH,=3 8+0 1x 10 moles/cm, atm, sec

The difference between this value of permeability
for CO, in 1IN NaHCO;-Na,CO; solution and that
for CO, 1n water (6 68 % 107'°) 1s a result of the effect
of chemical composition on permeability

DISCUSSION

Estimates for the permeability of carbon dioxide
mn 1IN NaHCO;-Na,CO, solution, based on litera-
ture correlations for gas diffusivity and solubility in
electrolytes, are given in Table 2 The procedure
used was to correct the values of DS and HY given
earher for the effects of viscosity on the diffusivity
and the 1omic strength on solubility of carbon
dioxide

A problem which immediately arises in imple-
menting this procedure 1s that the composition of
the solution 1s not known exactly, since the relative
ratio of NaHCO; to Na,CO; will depend on the car-
bon dioxide partial pressure Therefore, in order to
use these literature correlations, one must turn to
the theoretical analysis presented m this paper
Based on Eqs (28a) and (28b), we estimate that
about 94 per cent of the carrier 1s in the form of
bicarbonate 10n (that 1s, v, =0 94)

For estimating carbon dioxide diffusivity, litera-
ture correlations based on viscosity of the solution
were used

Di__ .
D"

where m 1s the viscosity of the solution, relative to
the solvent, and the empirical factor m, and carbon
dioxide diffusivities calculated therefrom, are as
follows

Source m D, x10°, cm®/sec
Wilke-Chang[22] 1 156
Nysing-Kramers[4] 085 162
Ratcliff-Holdcroft[1] 0 637 170

For the solution under study (y” =0 94), a relative
viscosity of 1 26 was estimated from the viscosity
data in International Critical Tables[23]

For estimating carbon dioxide solubility, the cor-
relation of van Krevelen and Hoftizer[3] for pre-
dicting solubility of gases m non-reacting electroly-
tic solutions was used, the decrease in the solubility
due to added salt 1s given by

log—%=—h1

where I 1s the 10nic strength of the electrolyte, and
h 1s defined as the sum of contributions of various
species

h=h.+h +h,

For a IN NaHCO;-Na,CO; (v, = 0 94), the values
for h and I are 0 098[3] and 1 03, respectively
The discrepancy between the various values of
carbon dioxide permeability given in Table 2 re-
mains unexplamed The work of Danckwerts and
Kennedy[6] on absorption of carbon dioxide in
neutral solutions (NaSQ,, MgSQ.) indicates that the
diffusivity of carbon dioxide 1n these solutions 1s
less than or equal to that predicted by the
Wilke-Chang correlation[22] On the other hand,
the work of Roberts and Danckwerts[5] on carbon
dioxide absorption conforms to the Ratchff—-
Holdcroft correlation{1] Otto and Qumn[13] re-
port a value of 0 9 for the ratio of observed carbon
dioxide flux to the calculated Fick’s Law flux
(based on the diffusivity correlation of Wilke—-
Chang (that 1s, m = 1) and solubility correlations of
van Krevelen and Hoftizer) This conforms to our
findings and further suggests that the use of a por-
ous, tortuous membrane is not the only cause of our
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lower observed permeability value Otto and
Quinn{13] indicate that the discrepancy 1s possi-
bly a result of maccuracies m the viscosity data
given m the literature

Theoretically, the solubility of carbon dioxide
can be estimated from the slope, near the origin, of

m Fio § Tn tha avant that tha firct ardar
the curve in I 1Ig J i1l C CVCNU tat Ul st OrGer

correction term 1n the series 1s dominant, Eq (27)
reduces to Eq (30), and Henry’s Law constant 1s
given by

H = Slope><lg

0

However, estimating the true imiting slope may be
subject to errors in cases where the second-order
correction term is a significant fraction of the first-
order correction term One therefore must deter-
mine the permeabihity from plots such as Fig 4, and
thereafter use Eq (27) in the form of Fig 2 to
estimate D, and H; mdividually Unfortunately,
plots such as Fig 2 demand a very high degree of
accuracy m flux measurements for small values of
facihitation factor F, for example, a 5 per cent error
1n carbon dioxide flux at a diffusion length of 200 »
results mn an error 1n F value of 50-100 per cent

In the final analysis, one concludes that a fairly
accurate determination of permeability may be ob-
tained by the procedure outlined herein It 1s noted
that the criterion for such determinations 1s not that
the reaction be virtually absent (that 1s, a <1), but
that a small, although finite, reaction rate i1s permis-
sible (that 1s, a <o) When «.>1, we note that
fairly accurate estimates of diffusivity and solubil-
ity could have been obtamned for the case under
study However, for the experimental situation de-
scribed here (a.~0 8) the estimates of individual
values that make up the permeability term, namely,
diffusivity and solubility, are subject to large errors
and are therefore not included

An alternate method for permeability determina-
tion via the “carrier” facilitated mechanism de-
scribed here seems proper as a closmg remark In
cases where the critical value of diffusion-reaction
parameter a. results in too small a film thickness,
one may eliminate the facilitation effect, that 1s, the
gradient 1n “carrier” concentrations, by operating
at sufficiently high upstream and downstream gas
pressures For example, in the transfer of oxygen
across a 150w film containing hemoglobin, a
mimmum oxygen partial pressure of 40 mmHg, that
15 Po, p1=40mmHg, 1s sufficient to transform
hemoglobin completely into the oxy-hemoglobin
form Thus, the flux of oxygen across such a

hemoglobin film for g, > p; =40 mmHg would rep-
resent the ‘Fickian’ flux and thereby permit reason-
able estimation of oxygen permeability through
such reacting solutions This concept has been util-
1zed by Keller and Friedlander[24] as well as
Kutchar and Staub[25]
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NOTATION
A, spectes 1
¢, concentration of A, moles/cm’
C, dimensionless concentration of A,
concentration of transferred species
at y =0, L, respectively, moles/cm’
total “carrier” concentration,
moles/cm’
D, bimary diffusivity of A, cm’/sec
F facihitation factor defined in Eq (29)
f ntegral defined in Eq (16)
g ratio of storchiometric to diffusion
terms
H, solubiity of
moles/cm’, atm
K overall equlibrium constant
CO,/HCO, /CO; reactions
equihbrium constants for reaction
Eq (29)
k,k_, rate constants for reaction Eq (23)
k. hqud mass transfer coefficient,
cm/sec
L diffusion path length, cm
m equilibrium constant defined m Eq
(26)
N, “Fickian” flux, moles/cm’, sec
N, reaction facilitated flux, moles/cm’,
sec
hydroxyl ion effect defined in Eq (25)
partial pressure of A, at y =0, L, re-
spectively, atm
r, rate of depletion of A, moles/cm’, sec
half times for diffusion and reaction,
respectively, sec
x dimensionless distance
y distance variable within the film, cm

carbon  dioxide,
for

KS, Kw

™
[~ B~

tp, tr

Greek symbols
a ratio of reaction of diffusion term
v, constant of integration defined 1in Eq
(14)
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=23

perturbation coefficient of reaction
rate defined in Eq (11)
€, constant of integration defined in
Eq (15)
A ntegral defined in Eq (20)
v, stoichiometric ratio for A,
¢ dimensionless kmetic function

Superscripts
(k) kth order perturbation parameter
0 for estimation in water
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APPENDIX 1
Solution to Eq (26) for a—>0

d2
dJS'= ga’d

26)

Zero-order term
§9=0
C%=1-(1—-p)x
Cz(m = 72(0)
C,O =5

‘Ys(m + 272(0) =1 an

A second relationship between v, and v, 1s obtained by

solving for the
Farst-order term

()2
§®= Yo[l -a- p)x—m"’—] 12

272(0)
f(l)=j a(l) df
2 02
= Yo[x—(l—p)%—mg—;rmx] (13)
At x=0, f*=£"=0
At x=1, f"=£Y

B 1+p_ 73(0)2]
[ 2 m2‘y;w)

fn(l) =fl(l) glves

73(0)2 _ 1 + p
©)

Y2

(14

Substituting Eq (1 4) into Eq (1 3), we have

fP=—aYol2(x—x%) as
Therefore
A“’=If“’ dx
=—aYo/12(3x* - 2x7)
At x=0,
A“)= Al(l)
=—aY./12 (16)

The first-order concentration profiles for D, = D,, are

C.“)=giA.(l)+El(“x+ 'YIU)
where
AN =—aY,/12(3x*—2x%)
en(‘)‘—"_glkl“), ,yl(l)=0 (1 7)
€2(l) = EJ(“ = 0
73(|)+272(|) = 0



The permeability of gases through reacting solutions 23

A second relationship between v,'” and y;" 1s obtained by
solving for the
Second-order term

8= Y,C,"+[Y,— aYux —D]IC" (18)
f‘2’=J' 8% dx
=aY¥y’[24(x* - 2x’ + x*)
+ag. Y, Y\ /24(x* - 2x%)
—a@’g Yo Yo/ 120(5x° - 10x* + 4x”)
+ %Y ix — aYaf2(x* - x)] (19)

At x =0, f® =f0u) =0
At x=1 f(:)zflrz)
=-ag.Y,Y,24+ a’g. Y, Y,/120+ v, Y,

Further, £,;”=£“ gives

V= ag2/24(1 —%) (1 10)
Integrating Eq (19), we have
/\(2) =f f(2) dx
=aY, /720(10x> — 15x* + 6x°)
+ag.Yo Y’|/24'0(2X5 - SX“)
—a’g, Y, Y,/1440(8x°— 24x" + 15x*)
+ 9, f2[ Y X% — aY,/6(2x* - 3x%)] (111)

Substituting Eq (1 10) for ;" mto Eq (1 11) and deter-
mining at x =1, we have

AP = aYo/720|:Y‘,+g2 Y, (6—(12{)—2)] 112)

The second-order concentration profiles need be deter-
mned only if the third-order correction term 1s desired
Up to second-order correction term,

.N__l_ 1 +A|“)a2+A|(2)a4

N, a=p) +0(a®)

(113)

where

A" =(1-p)Yo/12

Al(z)z -a _p)Y0/720[Yo+32Y|(6_ a;{z)]

APPENDIX 2

Constant carner concentration an approximation
Recalling the diffusion-reaction equation, namely,

a’C,

Pl LR @6)
it 1s assumed that under limiting conditions, the con-
centration of the carrier species, that is, C, and C,, may be

treated as constants
C2= 72(0)

Ci=v° @en
Thus,

2 2
¢ _ azYn(C. - m7—3~) 22

ax® 2v:°

The solution to the ordinary differential equation, Eq
22),1s

C,= M, cosh (aVY,x)

+ M, sinh (@ V' Yox) 23
02
+ m;—;z(—o)

The four unknowns, v, M., M, ¥, and v, are deter-
mined from the following conditions

Ci=1@x=0
C|=p @x=1
dc] _fda] |
[dx ]7-o~[dx ]x=l @9
f (©+2C9dx=1 |
Thus,
yg(ﬂ)2_1+p l
= m
M,=-M, tanh ¢aV'Yy) { @259

M, =~(1-p)/2 cothGa V'Yy)

v 42 v."=1 J

The flux of carbon dioxide relative to its Fickian flux 1s

N1 fdc)
No_ (1-p) dx Jc-o

- Yo
=—M.
a=p @9
Substituting for M., we have
N, _aVY, aV Y,,)
N 2 coth( 3 27
In the himut, that 1s, g <1
gcothg=1+q*/3
Hence,
N Loy, @8
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