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AbstractHydrogen is getting increasing attention as a medium for energy storage, and sodium borohydride is
accepted as a suitable carrier for hydrogen. The main product of the process by means of which hydrogen is produced
from sodium borohydride is sodium metaborate. Our aim was to find an alternative use for sodium metaborate and
specifically investigating the feasibility to use it for carbon dioxide capture from flue gases. The products of this chemi-
cal absorption are sodium carbonate, sodium bicarbonate and boric acid, all of which are industrially important chemi-
cals. A bubble column was used in the experiments. Oxygen desorption technique was employed to determine the
liquid side physical mass transfer coefficient. Chemical mass transfer coefficient was determined by absorption of car-
bon dioxide from its mixture with nitrogen into sodium metaborate solution. Enhancement factor was then calculated
and a correlation was developed for it.
Keywords: Carbon Dioxide Absorption with Chemical Reaction, Sodium Metaborate, Bubble Column, Mass Transfer,

Enhancement Factor

INTRODUCTION

It is strongly believed that hydrogen will be the energy carrier in
the near future, and sodium borohydride is one of the best hydro-
gen carriers. Current problem in this technology is, however, either
to recycle or to find alternative use for sodium metaborate, which
is the product of the process by means of which hydrogen is ob-
tained from sodium borohydride.

Besides this, carbon dioxide (CO2) is one of the major green-
house gases and it is seen as the primary cause for global warm-
ing. The removal of CO2 as well as other acidic gases such as H2S,
SO2 and COS from flue gas in fossil fueled power generation is an
important operation for the abatement of greenhouse gas emis-
sions. This process, simply called post combustion carbon dioxide
capture process, has attracted substantial attention as it also allows
retrofitting in existing power plants. Alkanolamines, such as mon-
oethanol amine (MEA), diethanol amine (DEA), di-isopropanol
amine (DIPA) and methyldiethanol amine (MDEA), have been
the mostly employed solvents in this process [1-6], with MEA the
most common one. It is also common practice to add some addi-
tives to promote the rate of absorption [7-9]. Degradation in time,
corrosive properties and large energy requirement for desorption
of CO2 in a cyclic process using alkanolamines have made it nec-
essary to look for alternative solvents [10,11]. The use of, for exam-
ple, aqueous ammonia solution has evolved in this effort [12-17].
Though, the necessity to work relatively at low temperatures (0-10 oC)
for CO2 absorption by ammonia process seems to be another im-

portant drawback. Thus, investigations will continue to come up
with an appropriate solvent enabling efficient absorption of CO2 at
operating conditions close to atmospheric conditions.

In this work, sodium metaborate was used to capture CO2. There-
fore, it serves both objectives: to capture carbon dioxide emission
from combustion of fossil fuels and to help finding alternative areas
of use for sodium metaborate. The products of this chemical ab-
sorption are sodium carbonate, sodium bicarbonate and boric acid;
all are individually important chemicals in industry and in fact can
be used directly as a mixture, for example, in glass industry. The
present work was planned with the hope of contribution to the
use of hydrogen energy as well by utilizing the product of sodium
borohydride hydration reaction [18].

In addition, scientific and industrial interest in bubble columns
has increased considerably in the last decades [19-21]. A bubble
column is simple, easy to operate, control and scale up, and effec-
tive in contacting gas and liquid streams [22,23]. High interfacial
areas as a few thousand m2/m3 can be achieved with porous plate
spargers [24]. Its simplicity and effectiveness were the primary rea-
sons of its use as a contactor in the present work.

The capability of sodium metaborate to absorb carbon dioxide
and the kinetics of the reaction between dissolved carbon dioxide
and the sodium metaborate were investigated previously [18]. In this
work, chemical absorption studies were performed with a bubble
column operating continuously with respect to liquid and gas to
see the extent of enhancement factor attainable for carbon dioxide
capture by sodium metaborate with respect to physical absorption.

THEORETICAL BACKGROUND AND EXPERIMENTAL

To investigate the absorption of carbon dioxide into sodium
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metaborate solution, work was performed by using a bubble col-
umn, a widely used liquid-gas contactor. Bubble columns are one
of the multiphase systems. Their ratio of height to diameter is gen-
erally within the range of 1.5-20 [25]. A bubble column is simply
considered as a tank with a gas distributor at the bottom. Their heat
and mass transfer characteristics are excellent, meaning they pro-
vide high coefficients of heat and mass transfer. They do not have
mobile pieces in the system and are compact, so maintenance and
operating costs are low [26].

The characterization of fluid dynamics of bubble columns is
very important for operation and performance of the system. It is
highly dependent on the flow regime attained. The classification of
the flow regime is done according to the gas flow rate [21]. There
are mainly three type of flow regimes: homogeneous (bubbly flow),
heterogeneous (churn-turbulent flow) and slug [27]. There are also
regions between the main regimes, known as the transition ranges.
It is not possible to give certain gas flow rate intervals for all these
regimes. There are many studies done in different systems and the
results of intervals for these regimes and regime boundaries are dif-
ferent from each other [21,27-31]. These qualifications are specific
properties of a column; hence, first, flow characteristics should be
identified in a study using a bubble column. The main characteris-
tic property affecting the performance is the gas holdup. So this
work was planned to determine the gas holdup first and then to
investigate the mass transfer aspect. Since the CO2 absorption is
with chemical reaction, studies for the calculation of both physical
and chemical mass transfer coefficients were done to see the en-
hancement due to chemical reaction [18]. Liquid side physical mass
transfer coefficient was determined employing oxygen desorption
method. Chemical mass transfer coefficient was determined by wet
analysis method. The enhancement factor was then calculated to
see the contribution of the reaction to absorption.

The reactions taking place in the process of carbon dioxide ab-
sorption into sodium metaborate solution are given below [18].

2H2O2H++2OH (1)

2NaBO22Na++2BO2
 (2)

CO2(g)CO2(l) (3)

CO2(l)+OHHCO3
 (4)

HCO3
+OHCO3

=+H2O (5)

2Na++CO3
=Na2CO3 (6)

2H2O+2H++2BO2
2H3BO3 (7)

According to this mechanism, the water molecules dissociate, and
sodium and metaborate ions are dispersed in water. Carbon diox-
ide gas passing to the solution first dissolves in this solution and
forms bicarbonate and carbonate ions with hydroxide ions of dis-
sociated water. These ions immediately proceed to react with sodium
ions, producing eventually sodium carbonate. The other ions, which
are hydrogen ions of dissociated water and borate ions, produce
boric acid.

Note that the anion present in aqueous solutions of metaborates
is the tetrahedral monoborate ion, which is B(OH)4

 [32,33], but
due to simplicity, the B(OH)4

 ion can be abbreviated and written

as BO2
 [33].

The overall reaction between dissolved carbon dioxide and so-
dium metaborate can then be written as follows:

2NaBO2+CO2(l)+3H2ONa2CO3+2H3BO3 (8)

Excess sodium metaborate also reacts with boric acid to give borax
[18].

2NaBO2+2H3BO3Na2B4O7+3H2O (9)

1. Experimental Setup
The experimental setup is shown in Fig. 1. A Pyrex column with

a diameter of 80mm and a height of 750mm was used in the experi-
ments. The solution was prepared in 50 L tank and fed to the top
of the column by a calibrated pump (Heidolph Pumpdrive 5206
with Masterflex pump pipe 96410-14). Air or CO2-air mixture was
first passed through a humidifier to saturate it with water and then
introduced to the porous glass sparger at the bottom of the column.
The gas flow rate was measured by a Cole-Parmer rotameter. Gas
and liquid flow rates were chosen to ensure smooth bubbly flow
[34]. The liquid flow rate was varied between 0.5-1.8 L/min and
the gas between 4-40 L/min.
2. Gas Holdup Measurement

Holdup was determined by measuring the liquid height in the
piezometer and in the column, as shown in Fig. 1. By the equations
given below, liquid and gas holdups of the column at different rates
of gas ranging between 4-40 L/min were calculated.

Fig. 1. Bubble column.
BC. Bubble column LI. Liquid inlet from tank
GI. Gas inlet from humidifier LI. by a peristaltic pump
GI. (15% CO2-85% Air mixture LO. Liquid outlet to
GI. saturated with water vapor) LO. (sodium metaborate) tank
GO. Gas outlet GS. Gas sparger
LD. Liquid drainage outlet P. Piezometer
LD. of bubble column
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(10)

(11)

3. Liquid Side Physical Mass Transfer Coefficient
Liquid side physical mass transfer coefficient was determined

employing oxygen desorption method. Distilled water saturated with
oxygen in an external tank was fed to the column where it was
brought in contact in a countercurrent mode with rising bubbles
of air. The concentration of oxygen in water at the inlet and at the
exit of the column was measured using an oxygen meter (YSI Incor-
porated Model 50B Dissolved Oxygen Meter). The superficial veloci-
ties of air and liquid were changed between 0.0185-0.1 m/s and
0.0017-0.0068 m/s, respectively. Liquid side physical mass transfer
coefficient for oxygen was calculated using the following expression;

(12)

Here, xi is the interfacial composition at the liquid side in equilib-
rium with the gas side oxygen composition. It can be assumed to
be constant for the temperature at which the experiment was car-
ried out. These values can be found in the literature [35] as a func-
tion of temperature and should be corrected for the total pressure.

Physical mass transfer coefficient, kL
0a, can be calculated as fol-

lows:

(13)

where c is the total concentration at the liquid side. Since kL
0a is

proportional to the square root of the diffusivity, liquid side physi-
cal mass transfer coefficient for carbon dioxide can be estimated
using the following correction factor [35,36]:

(14)

4. Liquid Side Chemical Mass Transfer Coefficient
Liquid side mass transfer coefficient for absorption of carbon

dioxide with chemical reaction was determined by performing exper-
iments where carbon dioxide was absorbed into sodium metabo-
rate solution in the column operating in the countercurrent mode
with continuous gas and liquid phases. The gas phase fed to the
column consisted of 15 mol% CO2 and 85 mol% N2. This is a typ-
ical maximum possible value of CO2 in the flue gas of coal com-
bustion systems in industry. The liquid feed was 4.5 wt-% sodium
metaborate solution. The reason for using concentrated solution was
to neglect the change in the solution properties during absorption.

Considering the reaction between carbon dioxide and sodium
metaborate given above, wet chemical analysis of the liquid at the
inlet and exit for carbonates enabled the calculation of the total
rate of carbon dioxide absorption, W [mol/s]. This can also be ex-
pressed in terms of average mass flux, NCO2

.

(15)

Noting,

SCZt=V (16)

The average mass flux, NCO2
, becomes;

NCO2
a=W/V (17)

and using the definition of the flux, volumetric mass transfer coef-
ficient for CO2 with fast chemical reaction can be estimated.

kx(xixbulk)a=kx(xi0)a=W/V (18)

or,

(kxa)=W/(V·xi) (19)

This can easily be converted to chemical mass transfer coefficient,
kLa;

(20)

5. Enhancement Factor
The enhancement factor, which is a measure of the contribu-

tion of chemical reaction to the absorption process, is represented
by the ratio of the rate of absorption with chemical reaction to the
rate of physical absorption. Using the definition of the mass trans-
fer flux, the experimental value of the enhancement factor for chemi-
cal absorption of carbon dioxide can be expressed as follows:

(21)

where, kLa is the chemical mass transfer coefficient and kL
0a is the

physical mass transfer coefficient.

RESULTS AND DISCUSSION

1. Gas Holdup
The overall mass transfer rate per unit volume in a bubble col-

umn is mostly governed by the liquid-side mass transfer coefficient
[37]. Moreover, in a bubble column the variation of the overall mass
transfer coefficient per unit volume is primarily due to variations
in the interfacial area [38]. Thus, precise knowledge of gas holdup
is needed to determine the performance of bubble columns. The
basic factors affecting gas holdup are superficial gas velocity, liquid
properties, column dimensions, operating temperature and pressure
and gas distributor design [21]. It is recommended to consider the
flow regime map for bubble columns to identify the regime involved
before adapting any correlation [34,39]. Even for similar studies at
comparable gas velocities, gas holdup values reported may show
differences of more than two-fold [21]. The best approach is, there-
fore, to determine the gas holdup experimentally for the column
in which mass transfer studies are carried out. Gas holdup, deter-
mined from piezometer readings, with increasing and decreasing
gas velocities is given in Fig. 2.

Note that the present data values are close to the predictions made
by the correlation of Joshi and Sharma [40] at low gas velocities
and to those of Kawase and Moo-Young [41] at high gas velocities.
Considering the column diameter and gas velocities employed in
the present research, the flow regime in the present study starts with

L  
Hpiezometer

Hcolumn
---------------------

G  
Hcolumn  Hpiezometer

Hcolumn
------------------------------------------- 1 L

kx
oa   

L
zTsc
-------- xin  xi

xout  xi
----------------- 
 ln

kL
0a   

kx
0a 
c

------------

kL
0a CO2

kL
0a O2

-------------------  
DCO2

H2O

DO2

H2O
-----------   0.807

W mol
s
---------   NCO2

mol
m2s
--------- a m2

m3
------ SCZt  m3 

kLa  
kxa
c
-------

E  
kLa
kL

0a
-------
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homogeneous bubble flow at low velocities up to about 0.035 m/s
and then falls mostly in the transition regime [34]. At velocities greater
than about 0.08 m/s the regime becomes slug flow and the gas
holdup does not show appreciable variation. The variation of gas
holdup values in the present study thus indicate clearly the change
from homogeneous bubble flow to transition regime, covering both
ranges, and implying the passage from Joshi and Sharma correla-
tion predictions at low gas velocities to Kawase and Moo Young
correlation predictions at relatively high gas velocities. As gas holdup
may also be affected by the wall effects for column diameters smaller
than 0.1 m and the sparger design employed [34,42], it was pre-
ferred to develop a correlation for the present work. The correla-
tion developed was in a form similar to that of Joshi and Sharma
[40] due to its simplicity and is given below (r2=0.99):

(22)

2. Liquid Side Physical Mass Transfer Coefficient
The data obtained from the experiments for desorption of oxy-

gen and Eqs. (12), (13) and (14) were used to calculate the liquid
side physical volumetric mass transfer coefficient for carbon diox-
ide. The results are given in Fig. 3. The values of kL

0a are in good

agreement with the literature [43]. These results were subjected to
a regression analysis and the following correlation was developed
with r2=0.92.

(kL
0a)CO2=46.84uG

0.75 uL (23)

As also seen from Fig. 3, the volumetric mass transfer coefficient
for carbon dioxide increases with both gas and liquid velocities.
3. Liquid Side Chemical Mass Transfer Coefficient

The results of the experiments carried out for the determina-
tion of the liquid side mass transfer coefficient with chemical reac-
tion between absorbed carbon dioxide and sodium metaborate are
presented in Fig. 4. The chemical mass transfer coefficient values
obtained in this study are in very good agreement with similar stud-
ies on absorption of carbon dioxide in alkaline solutions with chemi-
cal reaction within the same gas and liquid velocity ranges [37,44].

The data given in this Fig. 4 were subjected to a regression anal-
ysis and the following equation was obtained:

(kLa)CO2=3.63uG
0.83 uL

0.11 (24)

When the correlations developed for physical and chemical mass
transfer coefficients are compared, while the effect of gas velocity is
more or less the same, the relative effect of liquid velocity is smaller
in case of chemical absorption. The exponent of the liquid veloc-
ity in Eq. (24) is much smaller than the one in Eq. (23) for the
physical mass transfer coefficient: 0.11 vs 1. It is well known that
for most industrial gas absorption applications, the main resistance
to mass transfer lies at the liquid side. Any hydrodynamic effect
such as increased turbulence in liquid due to increased liquid flow
rate may help reduction in liquid side resistance. This becomes
quite important for physical absorption. For chemical absorption,
however, chemical reaction at the liquid side improves the absorp-
tion rate of solute profoundly and reduces the liquid side resis-
tance to interfacial mass transfer appreciably. The effect of chemical
reaction superimposes on the hydrodynamic effects because of liq-
uid velocity and becomes the dominant contributor to the increase
in mass transfer rate. This results in appreciable enhancement in
mass transfer rate for chemical absorption.

Also note that the experiments were carried out with basic solu-
tion. The pH of the sodium metaborate solution used in the experi-
ments was measured as 10.50 (±0.03) in the feed tank. The system
was run continuously with respect to both phases and the exit liq-
uid stream was collected in a different tank. For a short column
like the one in the experiments, the amount of mass transfer and
the amount of CO2 absorbed was relatively small. The excess bulk

G  
15.14uG

3.18  2uG
-----------------------

Fig. 2. Variation of gas holdup with the gas velocity (with 3% error
bars).

Fig. 3. Liquid side volumetric physical mass transfer coefficient for
carbon dioxide (with 5% error bars).

Fig. 4. Liquid side mass transfer coefficient with chemical reaction
(with 3% error bars).
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concentration of metaborate did not change appreciably in single
passage of liquid through the column. So, the acidification effect of
CO2 could be considered negligible in short once through systems.
This in fact was also confirmed experimentally.

Eq. (21) together with Eqs. (23) and (24) were used to calculate
the enhancement factor. The following equation was obtained and
Fig. 5 was plotted using the enhancement factor values obtained.

E=0.0775 uG
0.08 uL

0.89 (25)

The exponent of gas velocity in this equation is very small as ex-
pected. As the enhancement factor represents the increase in mass
transfer due to the chemical reaction taking place in the liquid, it
is reasonable to expect very small effect of gas velocity and rela-
tively profound effect of liquid velocity. Also, the enhancement due
to chemical reaction becomes more important at low liquid veloci-
ties. Mass transfer coefficient values at high liquid flow rates are
already high because of hydrodynamic effects at high liquid veloci-
ties, so then the relative contribution of the reaction to the chemical
mass transfer coefficient becomes less and less effective as liquid
flow rate increases.

The enhancement factor values presented in Fig. 5 can help to
understand the regime of chemical absorption taking place, i.e., fast
pseudo-first-order reaction regime or transition regime or instan-
taneous regime. The reaction rate between carbon dioxide and so-
dium metaborate in the liquid can be expressed as below [18]:

rC=krCCO2 CSMB (26)

The sodium metaborate concentration employed in the experi-
ments for the determination of mass transfer coefficient was 4.5
wt-%. As the solubility of carbon dioxide in sodium metaborate solu-
tion of this specific concentration is about 34.50 mol/m3 [45], one
may safely assume that sodium metaborate was much in excess of
carbon dioxide in the liquid. Thus, reaction rate can be expressed
as pseudo first order reaction with respect to carbon dioxide.

rC=r' CCO2 (27)

where k' is the overall rate constant and expressed as k'=krCSMB.
The overall reaction rate constant was previously found as [18],

(28)

For fast pseudo first order reactions, the enhancement factor is equal
to Hatta number:

(29)

and it must lie within the interval between 2 and the infinite en-
hancement factor for istantaneous reactions, E [16,39-42].

2<Ha<<E (30)

All the experimental values of the enhancement factors given in
Fig. 5 are greater than two.

E, is the enhancement factor for instantaneous reaction which
corresponds to maximum enhancement factor. It is dependent on
the selected mass transfer model and for penetration theory it could
be written as below [46,47]:

(31)

Here, CO2 is the stoichiometric coefficient. For the chemical sys-
tem used, the parameters in Eq. (31) can be evaluated at 25 oC [48-
56]. The diffusion coefficient of sodium metaborate in aqueous
solutions (DSMB) and the diffusion coefficient of carbon dioxide in
sodium metaborate solution ( ) were calculated as 9.3497×1010

and 1.7516×109 m2/s, respectively. E was then calculated as 14.07.
Details of these calculations are given separately as the supplemen-
tary information. Recalling Eq. (31), this value of E together with
the experimental values given in Fig. 5 indicates that absorption of
carbon dioxide by sodium metaborate solution does indeed take
place essentially in the fast pseudo-first-order reaction regime.

Fig. 6 is drawn to show theoretically the variation of the enhance-
ment factor for the chemical system used in this work with Hatta
number. It is clear that the majority of data given in Fig. 5 essen-
tially fall into the transition region and some approach to instanta-
neous region at low liquid velocities.

As noted, it has been reported that characteristic properties of
bubble columns like gas holdup, interfacial area, physical mass trans-
fer coefficient depend on the design of the column, type of the

k' 1.348e
18062

RT
----------------- 
 

E  Ha  
k'DCO2

kL
0

-------------------

E  1 
DSMBCSMB

CO2
DCO2

SMBCCO2, i

-----------------------------------
 
 
  DCO2

SMB

DSMB
------------

DCO2

SMB

Fig. 5. Enhancement factors vs gas velocity.

Fig. 6. Theoretical variation of the enhancement factor with Hatta
number for the experimental system.



Mass transfer enhancement factor for chemical absorption of carbon dioxide into sodium metaborate solution 1805

Korean J. Chem. Eng.(Vol. 35, No. 9)

sparger, gas and liquid flow rates and gas-liquid system [43]. One
has to consider all these as well as the diameter of the column before
deciding on a correlation to use for these parameters. However, the
enhancement factor is solely representing the effect of the specific
reacting chemical system, and the enhancement factor is indepen-
dent of hydrodynamic conditions of the liquid phase [57]. Thus,
the equation for E (Eq. (25)) developed here can safely be used for
carbon dioxide absorption into sodium metaborate solution in
another column with a different column design and sparger if there
is dependable information or a correlation for the estimation of
the physical mass transfer coefficient for that column. More specif-
ically, kL

0a for the column of interest and E from Eq. (25) can be
used to estimate kLa of the new contactor. This can then be used
in the design or in calculations for rating the performance of the
new column [58,59].

CONCLUSIONS

We have shown that sodium metaborate can effectively be used
to capture CO2. For the bubble column used in the experiments,
oxygen desorption method was used to find the physical mass
transfer coefficient and a correlation was developed for it. Chemi-
cal mass transfer coefficient was also investigated in the system
operated continuously with respect to both phases. To see the con-
tribution of chemical reaction to the absorption, the enhance-
ment factor was calculated and a correlation was developed. It was
determined that absorption of carbon dioxide by sodium metabo-
rate solution takes place essentially in the fast pseudo-first-order
reaction regime.
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NOMENCLATURE

a : interfacial area [m2/m3]
c : the total concentration at the liquid side [mol/m3]
CCO2 : carbon dioxide concentration [mol/m3]
CSMB : sodium metaborate concentration [mol/m3]
DAB : diffusivity of carbon dioxide [m2/s]
E : enhancement factor [-]
E : infinite enhancement factor [-]
Ha : hatta number [-]
kL : liquid side physical mass transfer coefficient for carbon diox-

ide [m/s]
kr : reaction rate constant [m3/mol-s]
kx : volumetric mass transfer coefficient for carbon dioxide with

fast chemical reaction [mol/m3-s]
kx

o : liquid side physical mass transfer coefficient [m/s]
k' : pseudo first order reaction rate constant [1/s]
L : the liquid volumetric flow rate [m3/s]
NA : carbon dioxide molar flux [mol/m2-s]

NCO2 : average mass flux of carbon dioxide [mol/m2-s]
rc : reaction rate [mol/m3-s]
Sc : cross-sectional area [m2]
uG : gas velocity [m/s]
uL : liquid velocity [m/s]
V : the liquid volume [m3]
W : the total rate of carbon dioxide absorption [mol/s]
xbulk : the liquid bulk composition [-]
xi : the interfacial composition at the liquid side in equilibrium

[-]
xin : the inlet composition [-]
xout : the outlet composition [-]
ZT : the total liquid height [m]

Greek Letters
G : gas holdup [-]
L : liquid holdup [-]

SUPPORTING INFORMATION

Additional information as noted in the text. This information is
available via the Internet at http://www.springer.com/chemistry/
journal/11814.
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The diffusion coefficient of carbon dioxide in sodium metabo-
rate solution can be calculated with the correlation given below [14].

According to the given relation, the diffusion coefficient of carbon
dioxide in water should be calculated. This can be achieved by using
the correlation given below [51].

The experiments were done at 25 oC, so the value of this diffusion
coefficient was as follow.

The viscosity of water was calculated with the following correla-
tion.

At 25 oC, this value is H2O=8.815×104 kg/m-s.
The viscosity of sodium metaborate at 25 oC is 1.00457×103

kg/m-s [48].
With these values, the diffusion coefficient of carbon dioxide in

sodium metaborate solution ( ) was calculated as 1.7516×109

m2/s.
The diffusion coefficient of sodium metaborate in aqueous solu-

tions was calculated with the correlation given below [14].

Here,  is the diffusion coefficient of sodium metaborate in
infinitely dilute solution and 0 is the viscosity of it, which can be
accepted as the viscosity of water at that temperature. In order to
calculate  Nernst equation was used that is given below [50].

Here, z+ and z are the valencies of cation and anion, respectively.
F is the Faraday constant, which is 96,500 oC/mol. +

0 and 0 are
the ionic molar conductivities of ions and the values of them are
50.11 and 30.59 S·cm2/mol, respectively [52].

With all of these values given, the diffusion coefficient of sodium
metaborate in aqueous solutions was calculated as 9.3497×1010

m2/s.
To calculate the solubility of carbon dioxide in sodium metabo-

rate solution, Henry’s law constant is needed. In order to calculate
the Henry’s law constant, Setschenow equation is used [53].

Here,  is the Henry’s law constant of carbon dioxide in water.
K is the Setschenow constant. This constant is dependent on gas
and salt solution used and can be calculated with the equation
given below [54].

K=(hi+hG)ni

Here, hi and hG are the specific parameters of ions and gas, respec-
tively. The values of these parameters are 0.0172, 0.1762 and 0.0726
m3/kmol for hG, h and h, respectively (the specific ion parame-
ter for borate ion is adapted from nitrite ion due to the similarity
as recommended in the literature) [45,46].

The Henry’s law constant of carbon dioxide in water was calcu-
lated with the correlation given below [55,56].

With all of the values and correlations given, the Henry’s law con-
stant of carbon dioxide in sodium metaborate solution used in the
experiments was calculated as 2321.171 Pa-m3/mol. Thus the inter-
facial concentration of carbon dioxide, CCO2, i, was calculated as
39.345 mol/m3.
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