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The kinetics of the title process is approximated by differential equations based on kinetic and
equilibrium data for carbon dioxide. The course of pH after a sudden change of the concentra-
tion of CO, in the gas is calculated by numerical integration. The course of pH during absorption
of CO, is different from that during desorption. The course of pH during desorption calculated
on the assumption that the rate of the noncatalysed hydration of CO, is sufficient to ensure
chemical equilibrium is in good agreement with experimental data from the literature. During
absorption of CO, in a solution of hydrogen carbonate, the chemical reaction rate is sometimes
insufficient to ensure chemical equilibrium prior to pH measurement.

The reversible equilibration between the concentration of carbon dioxide in gaseos
phase and pH of an aqueous solution of NaHCO, is made use of, e.g., in colorimetric
determination of the CO, exchange in the case of photosynthesizing plants*. In 0-001M-
-NaHCO,, the equilibrium after a step change of the CO, concentration in gaseous
phase is attained after 5— 10 min according to the bubbling rate and difference between
the starting and final pH values; with very low CO, concentrations (e.g. 0-01 vol.%)
even after 20 or more minutes.

The present work deals with the formulation of equations describing the pH equi-
libration during bubbling an aqueous solution of sodium hydrogen carbonate,
as well as their solution for selected cases.

THEORETICAL
We shall consider the following reactions of carbon dioxide in water?-?

ky

CO, + H,O =— H* + HCO;7, (4)

CO, + OH" == HCO;, (B)
k3

HCO7 = CO3 + H*. (©
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The concentrations of the species CO,, H*, OH™, HCO;, CO%~, and Na* will be
denoted as C with subscripts C, H, OH, A, B, and Na, respectively. The time change
of the concentration C¢ due to reactions (4) and (B) can be expressed as® (k, +
+ kyCon) (Cc — Ce..), where the subscript e refers to equilibrium concentration
corresponding to the the first dissociation constant K; = C,;C,/Cc .. When the solu-
tion is bubbled with a gas containing CO,, then the concentration change of the latter
is given also by the rate of its dissolution. This is proportional to the difference
between the concentration in the bulk, C., and at the interface, C¢ ,. Thus, we have

dC
—d—tc = K(Ccp — Cc) + (ky + k2Con) (Ccre — Co), (1)
where K is a proportionality constant.

Reactions (4) and (B) proceed relatively slowly from the left to the right-hand
side, while the equilibrium (C) is perfectly mobile. By a usual procedure, we arrive
at the equations

dc
E’-‘ = (k; + k;Con) (Cc.e — Cc) — k3Cy + k_3CpCy, )
(—idgg = k3CA - k—3CBCH . (3)
t

The concentrations of ions satisfy the condition of electroneutrality Cy + Cy, =
= Con + Ca + 2Cg and the equilibrium (C) in the form K, = CgCy/C,; analogous
constraints apply to the reaction rates. Hence,

1+ &)d_g‘ ={1+ E“ﬁj&cﬁ'\ d_(i‘ﬂ, (4)
Cy dt Ch dt

T T T ©)

At Cy dt G dt

where Ky denotes the ion concentrations product for water. Assuming that K,/
[Cy < 1 (in alkaline medium) and C, = Cy,, we obtain after rearrengement

dC. szw) CuCna
—E = K(ey — Co) + { ke, + 222V HE o, 6
dt (C,b C) < 1 C“ Kl C ( )
<1 + IﬁwazCNa) TR PR S Y e e A Y )
CH dt CH Kl
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If reactions (4) and (B) are suitably catalysed, all equilibria are mobile and
d(CC + CA + CB)/dt = K(CC,b - Cc) . (8)

Using the above equations with the same assumptions, we obtain

Co Y (1o Kot 2K o (1 K\ (0 o)
K, c? K, c/]| at K,
©)

As an example, we shall consider a solution of 5. IO‘SM-NaHCO3 at 20°C which is in equi-
librium with air (0-03 vol.%; CO,). At time ¢ = 0, a gas containing 1 vol.%; CO, starts to bubble
through the solution. We assume that X = 0-01 s~ 1. Equatigns (6), (7) and (9) were integrated
numerically for the following values of the constants, valid at infinite dilution: Ky, = 8:6 . 10715
mol? dm™® (ref.), K, = 416.10" " moldm™3, K, =- 420. 10 mol dm™3 (ref.5), k, =
= 5680 dm? mol ™1 sTY k= 0017571 (ref.5).

The initial values of the concentration of CO, in solution (C¢ ; and Cc ;) were calculated
from Henry's law Cc= Kypc, where Ky = 3-84.1071° moldm™3Pa~1 at 20°C (ref.%)
and p denotes partial pressure of CO, in the gas phase. The initial value of Cy; , was estimated
as

Cip = {Kw + K Kypcp + [(Ky + K1Kul’c,p)2 + 8CNaK1KHK2pC,p]1/2}/2CNa 10)

following from the condition of electroneutrality and definitions of Ce,es K25 and Ky; the partial
pressure of CO,, Pe.ps in our case corresponds to 0-03 vol.7; CO,. The calculated course of pH
is shown in Fig. 1.

Further we examined the influence of the parameters X and Cy, on the equilibration time T,
i.e. the time after which the dimensionless concentration of hydrogen ions Cy = (Cy — Cy ) :
:(Cyy,p -- Cp,y) attains the value of 0-05 (Cy ; corresponds to the new equilibrium). The values
of T were calculated by numerical integration of Egs (6), (7) and (9) and the results are given
in Table 1 for selected values of K and Cy,. The following interpolation formula was found
by the least squares method:

T = 4’013K_0’999Cg;‘0323 Uan

It follows from Egs (6), (7) and (9) that dCy/ds is a function of Cy and hence the course
of pH should depend on the initial and final pH values. As an example, we compare the step
change of CO, concentration from the preceding example (pH change from 8-5 to 7-5) with the
reverse process, desorption of CO, by streaming air, where the value of pH changes from 7-5
to 85. The result is shown in Fig. 2 for the following parameter values at 25°C: Cp, = 5.
L1073 moldm™3, K, = 469.107 1 moldm™3, k = 0-024s”1, k, = 8320dm> mol™?!.
s K=001s"1, Ky=127.10" ¥ mol> dm~%, K, = 4-44.10"7 mol dm™3.

DISCUSSION

We assume that the factor K is independent of the time. However, it is known®
that the transport of carbon dioxide in a liquid film at an interface is influenced
by parallel diffusion of HCOjJ ions, the concentration of which depends on pH.
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TABLE 1

Calculated time of equilibration, T, after a sudden concentration change of CO, in the gas phase

from 0-03 to 1 vol.% at 20°C

T, min calculated from Eq.

K CNa
s1 mol m™3 7 o

(6) and (7) 49} (11)
0-001 01 50-72 50-72 49-47
0-001 1-0 50-48 50-48 53-25
0-001 50 57-80 57-80 5606
0-005 01 10-15 10-15 9-91
0-005 1-0 10-10 10-10 10-67
0-005 5-0 11-63 11-56 11:23
0-01 01 5-07 5-07 4-96
0-01 1-0 5-05 5-05 5-34
0-01 5-0 5-88 5-78 5-62

FiG. 1

Calculated course of pH in a bubbled solution
of 0-005M-NaHCO, after a sudden change
of the concentration of CO, in the gas
phase from 0-03 to 1vol%; 20°C, K=
= 0-01s™ 1. 1 Eq. (6) and (7); 2 Eq. (9)

85 T T
\
3
pH
A
80 -
7
2
75 [ L
0 5 10 15
t,min
Fi1G. 2

Calculated course of pH in a solution
of 0-005M-NaHCO; after a sudden change
of the concentration of CO, in the bubbling
air from 1 to 0-03 vol.%; 25°C, K = 0-01s ™ L.
1 Eq. (6) and (7); 2 Eq. (9); 3 Eq. (6), (7)
and (9)
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Hence, the factor K generally depends on pH. Our assumption about constancy
of the value of K applies to cases where the values of pH at the beginning and at the
end of the measurement are not too much different.

At lower temperatures, the rates of reactions (4) and (B) are lower and it can
therefore be expected that at high rates of transport of CO, from the gas to the
liquid phase the course of pH will be governed by the mentioned reaction rates.
This is apparent by comparison of curves 7 and 2 in Fig. 1. In Fig. 2, this difference
is much smaller which can be attributed to the rates of reactions (4) and (B) in-
creasing with the temperature. Curve 3 in Fig. 2 suggests that the equilibration
of pH during desorption of CO, from the solution by the air proceeds so as if reac-
tions (A4) and (B) were in equilibrium. In view of the higher pH values, the concentra-
tion of CO, in the liquid phase is low and the course of pH is governed solely by the
transport of CO, from one phase to the other, Fig. 2 shows further that the course
of pH during absorption is different from that during desorption as a result of the
nonlinear equilibrium between C¢ and Cy. A similar phenomenon was observed
with a membrane electrode sensitive to carbon dioxide’.

According to Eq. (11), the equilibration time T increases somewhat with increasing
concentration of NaHCO,. This is in accord with ref.!, where it is recommended
to shorten the equilibration time by lowering the concentration of NaHCO;.

In Fig. 3 are shown experimental data® for 15 cm® of 0-001M-NaHCO; solution
at 25°C bubbled with air containing CO, at a rate of 1-39 cm® s~!. The value of K
is not known for this case. Since we have to deal with desorption of CO,, we as-
sume that the course of pH is described by Eq. (9) which applies to the case where
the chemical reactions of CO, are in equilibrium. It is seen from Fig. 3 that the cal-
culated curve is in a fair agreement with the measured data.

8‘6 T— o__,_\—o
5 ° 1
pH
L \,
83k 2 .
FiG. 3 14 O—o—O——0— 3
Calculated and measured course of pH 8'OF A .
in 15cm? of 0-:001M-NaHCO; bubbled with
air; 25°C, rate of flow of air 1:39 cm? s"l,
K= 00145~ 1. 1001; 2002; 3004 vol.%
of CO, in air. Solid lines calculated from 7.7 | .
Eq. (9) 0 10 20
t, min
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It can be concluded that when the rate of CO, transport between the solution
of hydrogen carbonate and the bubbling gas is sufficiently low, the chemical reaction
rates of CO, are at the room temperature high enough to maintain the chemical
equilibrium in solution. This is especially the case for CO, desorption from alkaline
solutions, but not for absorption of carbon dioxide.
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e B = R R R B

Translated by K. Micka.
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