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ABSTRACT

CO, capture experiments were carried out in a small-scale bubble column reactor using
alkaline solutions of sodium hydroxide. The results of the experiments show that a higher
NaOH content in the liquid phase and elevated CO, concentrations in the gas mixture led
to a higher CO, removal efficiency. A mathematical model was developed to describe the
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CO, absorption as a function of CO, gas inlet and OH™ concentrations at low CO, and OH"
concentrations. The CO, uptake at high OH™ concentrations (high pH) was accurately pre-
dicted by the model, whereas the CO, uptake at lower OH  concentrations could not be

predicted with the same accuracy.

Introduction

Due to a substantial increase in the release of
greenhouse gases (GHG) over the past century,
more and more pressure has been put on manu-
facturing industries to minimize the amount of
air pollutants released into the atmosphere.
Carbon dioxide is the most critical GHG gas
resulting from human activity. Other GHG gases
are for example CH, and N,O (Sanz-Perez et al.
2016). Therefore, intensive research efforts are
focused on removing CO, emissions from indus-
trial flue gases, in addition to the efforts of
improving CO, removal in industrial processes
(e.g. ammonia synthesis). The energy sector,
which includes heat and electricity generation,
transportation, manufacturing and construction,
fugitive emissions, and other fuel combustion, is
responsible for ca. 76% (37.2 Gt of carbon diox-
ide equivalents, CO,e) of the total GHG emis-
sions. For the rest, 11.9% (5.8 GtCO,e) stems
from agriculture, 5.9% (2.9 GtCO,e) from direct
industrial processes, such as ammonia synthesis
mentioned above, 3.3% (1.6 GtCO,e) reflects
such waste as landfills and wastewater, while the
remaining 2.8% (1.39 GtCO,e) originates from
land-use change and forestry.

Flue gases from a range of industrial processes
contain 8-14vol-% CO,. Production of alumi-
num generates CO, effluent with 4% concentra-
tion (Lorentsen et al. 2016).

The net GHG emissions from the pulp and
paper industry release only 0.8% of all worldwide
GHG emissions, i.e., 0.39 GtCO,e (Mengpin et al.
2020), with the paper production being the main
contributor to such release in particular the drying
section of paper machines. A particular feature of
the paper industry is a low content of CO, in the
effluent gas, which is emitted at atmosperic pres-
sure. This restrictions make removal of carbon
dioxide from such effluents very challenging.

It is well known that physical adsorption of
CO, is a potential method for reducing CO,
emissions (Belmabkhout et al. 2016), however,
the drawback is a high price of the adsorbents.
Several conventional methods for CO, removal
such as absorption, have usually been investigated
with sodium hydroxide (NaOH), monoethanol-
amine (MEA) or other amines, such as methyl-
diethanolamine (MDEA) (Luis 2016). A major
difference between MEA and NaOH is that MEA
can be readily regenerated, while during CO,
absorption with NaOH; NaHCO; and finally
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Na,CO; are formed, where the latter one is ther-
mally stable (Heda et al. 1995; Siriwardane et al.
2007).

When using NaOH as an absorbent typically
pure CO, (Darmana et al. 2007) or a mixture
containing a relatively high fraction of CO,
(20%) (Zhang et al. 2007) or 30% (Yoo et al.
2013) have been used. The latter feedstock with
30% CO, represents cement and steel industries
effluent. For such cases CO, capture efficiency
was reported to increase with increasing NaOH
concentrations, giving first order kinetics for for-
mation of Na,CO; from NaOH and CO, when
sodium hydroxide concentration was varied in
the range of 1-5wt.% (Yoo et al. 2013).

CO, removal from atmospheric air with a
strong hydroxide solution has been demonstrated
by Keith et al. (2018) with 1M [OH]. However,
according to the knowledge of the authors,
removal of CO, by absorption with a very low
CO, concentration from effluent gases and low
concentration of OH™ in the scrubbing liquids
has not been properly addressed in scientific
literature.

In the current work the main aim is to study
CO, absorption in aqueous sodium hydroxide
using a laboratory scale bubble column. The bub-
ble columns are often used in industry for indus-
trial processes per se as well as for investigation
of carbon dioxide removal from various effluen-
ces (Papari et al. 2014; Khadem-Hamedani et al.
2015; Chen and Zhuo 2020; Inkeri and Tynjala
2020; Salmi et al. 2023). Different models for the
columns are often used exploring the impact of
the flow regimes and the effect of mass transfer
on the chemical reactions or absorption of gases.

The main parameters investigated in the cur-
rent work are CO, concentration in the range
1000 —20 000ppm and pH of the absorbent,
which was between 8 and 14.

The conditions of the experiments correspond
to emissions of the industries when the concen-
tration of carbon dioxide is rather low, as for
example in emissions from paper machines.

Experimental

The CO, absorption experiments were performed
in a bubble column system, into which the gas

was fed through a sintered glass filter from the
bottom of the column through the scrubbing
liquid. The experiments were performed at room
temperature. The CO, absorption efficiency was
investigated at different pH by preparing 50 ml
NaOH solution at pH 14, 13, and 12. A carbon-
ate buffer of 0.1 M was used for pH 10 and 0.1 M
of the phosphate buffer at pH 8 was applied due
to very fast reaction times and rapid NaOH con-
sumption in the laboratory tests. Utilization of
the buffers, which role was to maintain the pH of
the scrubbing liquid, does not change the rate
of absorption, because the latter is determined by
the number of hydroxide ions (OH’) reacting
with CO, in the alkaline solution.

A continuous gas analyzer Servomex 4900 was
used to measure the CO, content of the outflow-
ing gas and the flow balances were calculated
from the gathered data. The gas analyzer was
coupled to a programmable data logger OM-CP-
OCTPRO by Omega, which saves the measured
data in logs on a USB drive. The inlet gas mixture
was composed of a mixture of nitrogen, CO, and
argon, where N, (Woikoski, 99%) and Ar act as
inert gases. The gas bottle of CO, was composed
of 2% CO, and 98% Ar. By using a diluted CO,
gas mixture, it is possible to use a feed gas con-
taining 1000 ppm CO,. The gas inlet flows were
controlled by a flow controller Bronkhorst, F-
201C-RAA-33-E, to change the CO, feed gas con-
centration. Repeated tests showed nearly identical
measurement signals, and therefore the experi-
ments were only repeated twice. A mean value for
these pairs of experiments was calculated to find
the median for the CO, absorption efficiency of
NaOH solutions at different pH with varying CO,
gas concentrations.

The bubble column was a glass bottle with a
diameter of 5cm, which was filled with 50 mL of
the absorption liquid. The incoming gas entered
the liquid through a porous glass sinter with a
diameter of 2cm to ensure small bubble sizes.
The height of the liquid above the sinter was
15mm. The gas flow rate was 21/min.

The gas bubble sizes in the bubble column were
recorded using a high-speed camera Photron SA3
and software Image] was applied for image proc-
essing and bubble size measurements. The gener-
ated results were statistically analyzed thereafter



and processed using the Origin software. The bub-
ble rising velocity was measured with the Photron
fastcam viewer software.

Theory
Reaction mechanism

When a strong alkaline compound such as
NaOH is in contact with pure water, the alkaline
compound is completely ionized. In this case,
NaOH is dissociated into sodium cations (Na™)
and hydroxide anions (OH’). At pH > 10,
hydroxylation is the dominant reaction where
CO, absorption is controlled by reactions (1) and
(2) (Kern 1960).

CO;(aq) + OH™ (aq)=HCO; (aq) (1)
HCO; + OH™ (aq)=CO% + H,0(]) (2)

At high pH when equilibrium is shifted to the
right side of Equations (1) and (2), they may be
combined giving the following irreversible reac-
tion:

CO,(aq) +20H™ (aq) — CO5 (aq) + H,O(I)  (3)

However, when pH < 10, hydration plays an
important part when absorbing CO, and domin-
ant when pH < 8. Hydration consists of two
reactions: CO, combines first with water to pro-
duce carbonic acid, which then reacts with OH"
resulting in bicarbonate and water (Kern 1960):

CO, (QQ) + HzO(l>‘:‘H2CO3 (aq) (4)
H,COs(aq) + OH (aq)=HCO; + H,0(l) (5)

Definitions

The absorption efficiency # of CO, in NaOH sol-
utions can be estimated using:

C
n= <1 —7"02"’”’) x 100 (6)
CO2,in

In addition, the mean absorption efficiency of

both experimental repetitions was calculated
from:
Nrept + Nrepa
Himean :% (7)

The amount of absorbed CO, in the alkaline
solution is determined from:

Ldiss,co2 = Cco,in — Ccoz, outs (8)
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where the amount of T4 cor and the concentra-
tion of CO, in the gas inlet and outlet are given
in ppm.

The rate of absorption R4 (mol/min) is the
amount of CO, chemically absorbed by the
NaOH solution defined by

Ry = Qg (Ccoz.in — Ccoz,out)s 9)

where Q, is the gas flow rate (L/min) and C is
the concentration (mol/L) of the CO, in the inlet
and outlet gas. The absorption rate depends on
the mass transfer coefficient k; (m/s), interfacial
area a (m?/m’) and the enhancement factor E.
Equation (9) can therefore be expanded to the
following equation (Wongwailikhit 2019):

Qg (CCOZ, in CCOZ, out) =E kLa Acln, mean V total (10)

The interfacial area between the liquid and the
gas phases, is defined as the total interfacial area
per unit volume of the contactor. When assum-
ing spherical bubbles, the interfacial area for the
bubble column can be calculated according to
Wongwailikhit (2019)

6 &g
4= dyy 1-— &g

(11)

where, d;; (mm) represents the Sauter mean
diameter and &, (%) corresponds to the gas
holdup in the column. The Sauter mean diam-
eter, the diameter of a sphere that has the same
volume-to-surface area ratio as the measured
bubbles, which usually are in the form of an
ellipse, is calculated as:

mid;?
dyy = 2 (12)

i midi®

where #n; is the number of bubbles having a diam-
eter of d; (Maceiras et al. 2010). A 500 fps film was
recorded with a high-speed camera to determine
ds,. In particular, 15-20 bubbles were measured
from 50 randomly chosen frames of the recorded
film. Only bubbles below a specific height were
measured as the actual sample volume used in the
absorption experiments was 50 ml, whereas a vol-
ume of 100 ml was used for the film capture.

The gas holdup, ¢,, which represents the gas

fraction present in the gas-liquid system, is
defined as:

Vg
g =
Vg + Vi

(13)



4 J. MICHELSON ET AL.

where V, and V; are the gas and liquid volumes
in the system, respectively.
The gas holdup can also be calculated as:

_ % _ Y

= = 14
ubAC Up ( )

&g
where u;, is the bubble rising velocity, A, is the
cross-sectional area of the bubble column and U,
is the superficial gas velocity.

The overall mass transfer coefficient K; is the
rate of mass transfer between the bulk solution
and the saturated film. The equilibrium relation-
ship between the overall mass transfer coefficient
and the individual mass transfer coefficients is
given by Equation (15), where H, is the Henry’s
constant, kp is the liquid side mass transfer coef-
ficient and kg is the gas side mass transfer coeffi-
cient (Salmi et al. 2023).

11 1
Ki  kA. ' Hikg

(15)

For poorly soluble gases, e.g. CO,, the mass
transfer is limited at the liquid phase. Thus, the
overall mass transfer coefficient is approximately
the same as the liquid side mass transfer coefti-
cient, K; ~ kj.

The liquid side mass transfer coefficient kj
was calculated according to the Higbiés penetra-
tion theory, Equation (16), which assumes both
an unsteady state of mass transfer during the
contact time f. and equilibrium at the gas-liquid
interface (Wongwailikhit 2019). The reason for
using the Higbiés penetration theory is that
many industrial mass transfer processes have a
contact time between the phases not sufficient
to achieve a steady state, thus the film theory,
not accounting for such non-stationarity, cannot

be applied
k=2 /Dci (16)
Tt

)
Up

te (17)
where Do, is the diffusion coefficient for CO, in
water, equal to 1.91 x 107° ’”Tz (Engineering
ToolBox 2008). The limitations of the Higbie
approach are well known, as the penetration the-
ory should be applied for high Reynolds numbers

and the values of k; are diminishing with a
decrease in bubble rise velocity.

The enhancement factor E is used to estimate
the enhanced effect of chemical absorption com-
pared to physical absorption alone. The enhance-
ment factor for physical absorption is thus equal
to unity, while the enhancement factor for chem-
ical absorption is E > 1. To estimate E, both the
Hatta number My and the enhancement param-
eter E; must be determined through the equations
below (Levenspiel 1999).

[k CouD
My = O]I:Z co2 (18)
L

Eup = B = 14+ DorCorHa (19)
bDcozpcoz

The Hatta number is calculated through
Equation (18), where k, is the reaction constant for
the second order reaction of CO, and OH". In this
work, a value of 5157.43 mf)l -at 18°C is used for k,
which is the second order reaction rate constant of
CO, reacting with OH™ (Wongwailikhit 2019).

As presented in Equation (19), the enhance-
ment parameter E; depends on both the OH’
concentration and the CO, partial pressure,
where b is the stoichiometric constant for OH™ in
the reaction being equal to 2, and Doy is the dif-
fusion coefficient for OH™ in water, which is
527 x 107 ™ (Agion 2020). A graphical
method can be used to estimate the enhancement
factor E when both My and E; are known
(Levenspiel 1999). The reaction can be considered
an intermediate case if My is between 0.02 and
2, and the enhancement factor can be calculated
according to E = 1+ M% /3.

The reaction order is here determined using
the following logarithmic equation

In <—dCA

dt

where the slope n corresponds to the reaction
order.

The absorption efficiency was estimated from

the amount dissolved CO, from the gas phase,

which can be converted into absorption efficiency
according to:

> =lInk+ nlncy, (20)

_ Tdiss,co2

= . (21)
Ccoz,in



Results and discussion

CO,, absorption efficiency at different pH and CO,
gas concentrations

The data from the CO, absorption experiments
show the inlet and outlet CO, concentrations as
a function of time from the experimental bubble
column (Figure 1). A steep decline in CO, con-
centration is visible, followed by a small rise,
which subsequently levels off can be seen in the
figure. The steep decline is the point in time
when the feed gas is allowed to flow through the
column as the bypass is shut. As some air is left
inside the column due to the bubble column
being operated in a batch mode, a small rise of
CO, concentration from the lowest point can be
noticed. The point where the CO, concentration
is relatively constant was taken as a measure for
CO, removal efficiency of respective pH.

The mean CO, removal efficiency of NaOH at
pH 8, 10, 12, and 14 at CO, gas concentrations
of 1000, 2500, 5000, 10000 and 20000 ppm,
respectively is shown in Figure 2 and Table 1.
The highest absorption efficiency was achieved at
pH 14, whereas the lowest absorption efficiency
was obtained at pH 8. These results are clearly
linked to the amount of OH  in the solution
reacting with the aqueous CO,, as pH 14 corre-
sponds to 10-fold more hydroxide ions than pH
13 and one million times more than pH 8.

The error margin estimated from the standard

deviation based accuracy of the analyzer,

pH 8

3 W _pH10
= I\ =
5 |\ ™~ T pH 12
5
€ s
Q
e - pH 13
o \
© \
o \
U] \

\ pH 14

10 30 50 70 90 110 130 150
Time, s

Figure 1. Measured CO, gas concentration after the bubble
column scrubber as a function of time.
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250 ppm, is also included in the figure, which
shows how the accuracy of the analyses drastic-
ally decreases with decreasing CO, concentra-
tions. For CO, concentrations above 20000 ppm,
an error margin of less than 3% was obtained.
However, for lower CO, concentrations, such as
5000 ppm, the error margin is 10%, whereas for
2500 ppm and 1000 ppm, the error margin is
increasing substantially to 25% and 50%, respect-
ively. Although the margin of error is quite large,
a clear trend can be seen in Figure 2, showing
how the CO, absorption efficiency increases with
decreasing CO, concentrations in the feed gas
and higher pH of the scrubbing liquid. Judging
from absorption efficiency per se in the studied
range of parameter the optimal pH for absorbing
CO, is clearly 14, whereas the least optimal is pH
8. This trend is well known and has been noted
by Kordylewski et al. (2013; Yoo et al. 2013),
who found that increasing NaOH concentration
also  increases CO, capture efficiency.
Kordylewski et al. (2013) also found that increas-
ing temperature intensifies CO, absorption by
accelerating the reaction in the solution thus
increasing CO, absorption efficiency.

The influence of the CO, gas concentration on
the CO, absorption efficiency has not been
widely studied. A fine spray scrubber was used
by Zhenqi et al. (2009) to study this effect where
the CO, gas concentration was varied between 7
and 15% (v/v) in a spray of NaOH solution at

100%
90%
80% ]

70%

—
—E—

60% u

Nmean (%)

——

1S * > *
|

: } :
4000 6000 8000 10000 12000 14000 16000 18000 20000
Ccoz,in (PPM)

L pH 12

|
i

0 200

mpH14 ¢ pH13 pH10 XpHS

Figure 2. Mean CO, removal efficiency of alkaline solutions at
different pH and CO, gas inlet concentrations, including error
margins estimated from standard deviation based accuracy of
the gas analyzer.
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Table 1. Mean CO, absorption efficiency of two repetitions of experiments.

CC02,in Nmean [%] Mmean [%] Mmean [%] Hmean [%] Mmean [%]
[ppm] pH 14 pH 13 pH 12 pH 10 pH 8
20000 63 31 12 8 3
10000 71 4 18 10 5
5000 78 44 19 9 3
2500 76 vy) 19 10 6
1000 78 48 20 8 5
25% 12000 o
20%
10000 |
15% -
‘ E 8000
o
10% ON
O
] o 6000
5% g
[=3
E = G 4000 f
pH 14 - pH 12 pH 10 pH 8
5% 2000
W 2% to 1% CO2 1% to 0.5% CO2 m0.5% to 0.25% CO2 0.25% to 0.1% CO2
Figure 3. Difference in absorption efficiency of carbon dioxide

at different CO, concentrations as a function of pH.

5% (w/w). The results of Zhenqi et al. (2009)
showed a slight decrease in CO, absorption effi-
ciency with increased CO, gas concentration. The
results of this work seem to confirm this behavior
also at lower CO, concentrations in the gas
mixture.

The cumulative difference in absorption effi-
ciency between CO, gas concentrations at each
pH shown in Figure 3 illustrates its decrease with
decreasing pH. However, the difference in
absorption efficiency can be seen to both increase
and decrease for CO, gas concentrations of 0.5-
0.25% and 0.25-0.1% CO,, which can be
explained by the low accuracy of the gas analyzer
at low CO, concentrations.

The amount of dissolved CO, decreased with
decreasing inlet CO, concentration as illustrated
in Figure 4 with the corresponding logarithmic
plots of the absorption isotherms (Equation (22))
presented in Figure 5.

The reaction order toward [OH’] was calcu-
lated giving a value equal to ca. 0.2. The absorp-
tion isotherms are shown to be nonlinear and of
higher order at high pH. The fractional reaction
order indicates that the reaction is of a complex
mechanism, which is plausible, as the absorption
of CO, in NaOH occurs in a two-step reaction.

% 02 04 06 08 1 12 14 16 18 2

Ceo,in PPM x10*
Figure 4. Mathematical model fit of dissolved CO, compared
to the experimental data, where the dots correspond to the
data points and the lines represent the calculations. The inlet
CO, concentrations of the gas are denoted as follows: 1.
20000 ppm, 2. 10000 ppm, 3. 5000 ppm, 4. 2500 ppm, 5.
1000 ppm. Points represent the experimental data, while lines
are the model fit.

Modeling the amount of dissolved CO,

The amount of CO, absorbed as a function of
CO, concentration of the feed gas and concentra-
tion of OH" in the scrubbing liquid is depicted in
Figure 4. In the figure, the amount of absorbed
CO, rapidly increases at low gas partial pressures
and consequently levels off at high gas partial
pressures, as the absorbate approaches saturation.
This behavior seems to resemble the Langmuir
adsorption isotherm (Privalova et al. 2013), where
the maximum adsorption capacity corresponds to
a monosaturated layer of adsorbate molecules on
the surface of an adsorbent. Based on the study
done by Karbalaei Mohammad et al. (2020), the
behavior also resembles the Sips adsorption iso-
therm, which is a combination of the Langmuir
and the Freundlich model, where the Freundlich
model takes into account the heterogeneous sur-
face of the adsorbate (Abin-Bazaine et al. 2022).
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Figure 5. Logarithmic plot of the experimental data, showing dependence of the logarithm of the rate vs OH™ concentration.

In Equation (22), the amount of dissolved
CO,, Tgisscoz (ppm), in alkaline solutions is
shown to be dependent on both the concentra-
tion of CO, in the gas phase as well as the
[OH™] concentration in the liquid phase. In add-
ition, both reactants may function as the limiting
ones in the chemical reaction. Thus, T cox as a
function of [OH™] and CO, inlet gas concentra-
tion at low [OH™] concentrations can be esti-
mated through the developed semi-empirical
mathematical model:

ky + k[OH™] + k,[OH]?
14k [OH"] + ky[OH-*

k Ccon
1+ k3Ccos

Ldiss,co2 =
(22)

where the left part of the equation describes the
effect of CO, concentration in the gas and the
saturation behavior of the liquid on the amount
of absorbed CO,. The right-side fraction
describes the effect of the [OH™]| concentration
of the two-step reaction mechanism of CO, and
NaOH.

At high OH™ concentrations, the model fits the
experimental data reasonably well, while some
slight deviations can be seen for low pH values
(lower [OH™] concentration in Figure 5), namely
underestimating CO, uptake at pH 8 for the inlet
concentration of 400-2500 ppm and overestimating
at pH 10 for the inlet carbon dioxide concentration
of 400-1000 ppm, which can be also related to the
data precision. Overall, the model fits the experi-
mental data fairly well and can be used to estimate
the CO, uptake as a function of the CO, gas con-
centration of the feed gas and the OH™ concentra-
tion of the scrubbing liquid (Figure 6). The
parameter values alongside their standard errors are
shown in Table 2, displaying relatively small errors.
The interfacial area and mass transfer coefficient,
on the other hand, are distinct parameters for each
CO, scrubbing contactor. Hence, when applying
the mathematical model, a correction factor for the
overall mass transfer coefficient in comparison to
the experimental column utilized in this work
should be taken into consideration.
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Determination of the Hatta number and the
enhancement factor

Figure 7a illustrates a captured frame with the
high-speed camera and Figure 7b shows a proc-
essed image with Image]J, from where the bubbles
can be more distinguishable from one another.
As can be seen from Figure 7 there is apparently

Table 2. Parameter values with the standard errors of the
mathematical model.

Parameters Units Parameter value Std. Error (%)
k ppm™" 0.979 5.7
k1 L/mol 0.749 x 10 10.3
k2 L*/mol? 0 0
k3 ppm 2 0.239 x 10~ 18.9
k4 - 0.1 0

100.0%

90.0% ~

[ ]

80.0% _ ]

70.0% L

60.0% "
9}0, 50.0%
jony

40.0%

30.0%

20.0%

10.0% ‘S o o -

0.0%
0 5000 10000 15000 20000 25000
Ccoz,m(ppm)
M ([OH]=1M @ [OH]=1E-1M [OH]=1E-2M [OH]=1E-4M @ [OH]=1E-6M

Figure 6. The predicted CO, absorption efficiency as a func-
tion of CO, gas inlet concentration and OH™ concentration.

no substantial bubble size distribution in the
radial direction. The bubble size distribution was
determined in the column in the axial direction
to calculate the Sauter mean diameter. The bub-
ble size distributions across the column, from
the gas exit to the 27 cm mark on the ruler (Figure
7), are shown in Figures 8 and 9 for two hundred
and one thousand bubbles displaying the average
measured bubble diameter of ca. 1.4mm for both
cases despite some visual differences in the distri-
bution. Furthermore, the Sauter mean diameter of
2mm was derived from Equation (12).

Some calculated parameters of the bubble col-
umn used in this work with a gas flow rate of
2L/min, and the superficial gas velocity of
0.017 m/s are shown in Table 3.

The bubble rising velocity was measured and
the gas holdup was calculated according to
Equation (14). The derived value for the gas
holdup seems to be in good agreement with the
experimental work of Krishna and Van Baten
(2003), who determined the correlation between
the superficial gas velocity and the gas holdup in
a bubble column with a diameter of 10 cm. Based
on that study the bubble flow in the bubble col-
umn of the current work is in the transition
regime between the homogeneous and heterogen-
ous regimes. During absorption the bubble
coalescence occurs because of collisions and
break-up of the bubbles. The bubble sizes also
change due to the interfacial mass transfer when

Figure 7. Captured images a) with Photron SA3 b) processed image with ImageJ.



a gas is dissolved (Gruber et al. 2015). The bub-
ble coalescence was difficult to be observed in the
current work, as the bubble flow is not fully in
the heterogeneous regime.
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Figure 8. Bubble size distribution based on ca. 200 bubbles.
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Figure 9. Bubble size distribution based on ca. 1000 bubbles.

Table 3. Calculated values for the parameters based on the
experiments in a bubble column.

Parameter Value Units
Q 2 L/min
dc 5 cm
Uy 0.017 m/s
ds3; 2 mm
a 203 m?/m?
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The bubble column’s interfacial area was calcu-
lated to be 203 m*/m’, which is in the middle of
the range of typical values for bubble columns,
usually varying from 50 to 400 m*/m’. The liquid
side mass transfer coefficient k; of the experi-
mental bubble column appears to be in the
higher range of typical values (1 —5 x 107 m/s)
for bubble columns (Salmi et al. 2023). The same
was valid for the overall mass transfer coefficient
of the bubble column. Seemingly, the high mass
transfer appears to be a result of the experimental
bubble column small bubble sizes and a low gas
flow rate.

The calculated Hatta number My, the
enhancement parameter E; and the enhancement
factor E for the reactions studied in the current
work are shown in Tables 4 and 5. The enhance-
ment factor of pH 14 was calculated to be 5.5,
while for pH 13 it was ca. 2. For pH < 13, the
enhancement factor was close to 1. The enhance-
ment factor showed almost no dependence on
CO, gas concentrations. The calculated results
for the Hatta number and enhancement factor
demonstrated that for pH 14, ie., 1M OH™, the
reaction is of pseudo-first order. This seems to
agree also with the previous work (Stolaroff et al.
2008), stating that CO, reacting with NaOH is of
pseudo-first order at OH~ concentrations
above 1 M.

The magnitude of the Hatta number can be
used to assess the reaction phase. When the pH
of the alkaline solution is less than 14 but higher
than 8, the reactions are in the intermediate
regime as 0.02 < My < 2, meaning that the reac-
tion occurs partly within the bulk liquid and

Table 5. The Hatta number My (Equations (18)) and the
enhancement factor £* at different pH.

Parameter pH 14 pH 13 pH 12 pH 10 pH 8
My 5.54 1.75 0.55 0.06 0.01
E 5.54 2.02 1.10 1.00 1.00

*Determined using the graphical method (Wongwailikhit 2019).

Table 4. The enhancement parameter as a function of CO, gas concentrations and pH.

Enhancement parameter E;

Ccoz,in [ppm] pH 14 pH 13 pH 12 pH 10 pH 8

20000 1.98 x 103 1.98 x 102 2.07 x 10 1.04 x 10° 1.00 x 10°
10000 3.95 x 10° 3.96 x 10? 3.96 x 10 1.20 x 10° 1.00 x 10°
5000 7.9 x 103 7.91 x 102 8.00 x 10 1.39 x 10° 1.01 x 10°
2500 1.58 x 10* 1.58 x 10° 1.59 x 10? 2.58 x 10° 1.02 x 10°
1000 3.95 x 10* 3.95 x 103 3.96 x 10° 4.95 x 10° 1.04 x 10°
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partly within the liquid film. According to
Levenspiel (1999) for My < 0.02 the reaction
occurs only in the bulk liquid, whereas for My >
2 the reaction takes place only in the liquid film.
From Table 5, it can be concluded that in the
current case the reaction occurs only in the liquid
film at pH 14, below pH 14 it proceeded in both
the liquid film and the bulk of the liquid. Finally,
at pH 8 the reaction is infinitely slow and the
liquid bulk volume is the controlling rate factor.

Conclusions

While CO, capture has been a subject of exten-
sive research and enormous practical experience
has been accumulated along the years, removal of
CO, by absorption with a very low CO, concen-
tration from effluent gases and low concentration
of OH™ in the scrubbing liquids has not been
investigated. The current study fills this void by
investigating CO, absorption in aqueous sodium
hydroxide using a laboratory scale bubble column
varying the CO, concentration in the range
1000 —20 000ppm and pH of the absorbent
between 8 and 14.

Higher NaOH content in the liquid phase and
elevated CO, concentrations in the gas mixture
led to a higher CO, removal efficiency with a
fractional order toward [OH™] equal to 0.2 and
the highest efficiency was achieved at pH 14. The
shapes of absorption isotherms regarding CO,
concentrations resemble the Langmuir isotherm.

A mathematical model valid at least in the
studied CO, concentration and pH ranges was
developed to describe the CO, absorption as a
function of CO, gas inlet and OH™ concentra-
tions at low CO, and OH™ concentrations. The
CO, uptake at high OH™ concentrations was
accurately predicted by the model, whereas the
CO, uptake at lower OH™ concentrations was
slightly over- and underestimated.

The bubble size distribution was determined to
calculate the Sauter mean diameter in the column
operating in the transition between the homoge-
neous and heterogeneous regimes. The experi-
mentally measured value of ca. 1.4 mm was close
to the theoretical one equal to ca. 2 mm. The cal-
culated results for the Hatta number and the
enhancement factor demonstrated that for pH 14,

ie, 1M OH-, the reaction is of pseudo-first
order. At pH 14 the reaction occurs only in the
liquid film, while below 14 it proceeded also in
the bulk of the liquid.

Note that the Hatta number, enhancement fac-
tor and even absorption efficiency cannot serve
as the sole descriptors to determine the optimal
conditions for carbon dioxide removal in an
industrial process. While pH 14 might look pref-
erential from the viewpoint of efficiency, there
are also many factors, including process econom-
ics, corrosion, etc, determining the optimal con-
ditions. This would require subsequently a proper
techno-economic analysis.
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