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The effect of water type on the absorption and desorption of carbon
dioxide in bubble columns

Mahmoud Al-Hindi and Fouad Azizi

Department of Chemical and Petroleum Engineering, American University of Beirut, Beirut, Lebanon

ABSTRACT
This study investigates the effect of alkalinity and salinity on the transfer rate of carbon
dioxide, CO2, from/to several aqueous phases. The CO2 absorption and desorption experi-
ments were performed for several water types including distilled, reverse osmosis, brackish,
and brackish reject waters in addition to seawater, inside a bubble column contactor.
Findings indicated that the direction of transfer (i.e. absorption or desorption) had a strong
influence on the rate of mass transfer with higher values recorded for the absorption experi-
ments. The results also showed that for the absorption and desorption experiments the
volumetric mass transfer coefficient, kLa, values always decreased with increased salinity
until a “threshold” value was attained, above which kLa increased again. The effect of alka-
linity on kLa values was not as conclusive where the experimental results indicated that for
adsorption kLa values decreases almost linearly with the increase in water alkalinity while no
discernible trends were observed for the effect of alkalinity in the desorption experiments.
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Introduction

A thorough understanding of the underlying
mechanisms of absorption and desorption of car-
bon dioxide in water systems is essential for the
design of several process units (Elhajj et al.,
2014). Elhajj et al. (2014) have reviewed the per-
tinent literature and detailed the results reported
in the open literature on the effects of several
processes and operating parameters (such as pres-
sure, temperature, salinity, additives) on mass
transfer and solubility of carbon dioxide in water
systems in several types of contactors. The
authors also reported the contradictory results
reported on the effect of salts in water systems
on the direction of mass transfer and the values
of the mass transfer coefficient and highlighted
the dearth of existing studies in this area.

In a more recent publication, Al-Hindi and
Azizi (2018) investigated the efficiency of CO2

transfer into and out of a mechanically agitated
tank (MAT) where pH data were collected over
various time intervals and evaluated, to calculate
the carbon content as well as the concentration

of dissolved CO2 in several water types. The
effects of gas flow rate, agitation speed, water
alkalinity, and salinity on the mass transfer coeffi-
cient (kLa) were studied. Irrespective of the speed
of agitation, the results indicated that kLa values
always decreased with the increase in salinity for
both absorption and desorption experiments until a
certain critical salinity was reached, beyond which
kLa improved with increased salinity.

Bubble columns are widely used in several
industries because of several perceived advantages
such as simplicity of construction and operation,
low energy input, and good liquid phase mixing
(Riberio Jr. and Mewes, 2007; Besagni and Inzoli,
2017; Kovats et al., 2017). These contactors have
also been used for absorption or desorption of
CO2 in several water systems of varying salinities
such as degassing, re-carbonation, and remineral-
ization of desalinated water (Withers, 2005;
Lisitsin et al., 2008), microalgae cultivation in
bioreactors (Thobie et al., 2017; Ndiaye et al.,
2018), scrubbing applications in submersible hab-
itats (Kolaczkowski et al., 2015), phosphorus
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precipitation from sewage effluent (Suzuki et al.,
2002; Fattah et al., 2010) and gas enrichment in
anaerobic digesters (Lindberg and Rasmuson,
2007; Boontawee and Koonaphapdeelert, 2016).

This work follows the previous study of Al-
Hindi and Azizi (2018) with the aim to investi-
gate the effects of salinity and alkalinity on the
absorption and desorption of CO2 in several
water types using a bubble column reactor.
Consequently, its aim is to investigate whether
similar patterns, as those recorded in a MAT, can
be observed, derive an empirical correlation for
the absorption and desorption of CO2 in bubble
columns, and compare the performance of the
two contactors.

Experimental

A discussion of the various types of contactors
used to investigate the absorption/desorption of
CO2 in water and the standard methods used for
measuring CO2 concentrations in aqueous solu-
tions were detailed in the works of Elhajj et al.
(2014) and Al-Hindi and Azizi (2018).

This study employed a bubble column reactor
to measure the temporal change of pH after
sparging/stripping carbon dioxide to/from various
aqueous phases. Calibrated mass flow meters
(Precision Medical and Timeter Instrument
Corporation) were employed to measure CO2

and/or air flow rates. The dispersed phase was
injected from the bottom of the contactor as
shown in Figure 1. The bubble column had a
20 cm diameter and a height of 163 cm. Water
was typically filled to a level of 120 cm before the
start of each experiment to obtain an operating
volume of 37.7 L. The column was equipped with
a fine bubble diffuser at its bottom comprising of
twenty (20) holes of 1mm diameter and drilled
on a 15 cm long, 5mm diameter pipe. The pH
probe was placed at a height of 98 cm from the
bottom of the column.

The desorption and absorption experiments of
CO2 were conducted on four different types of
water, namely, brackish water, brackish water
reject (BWR), reverse osmosis (RO) water as well
as seawater. The latter type was collected from
the Mediterranean Sea off the coast of
Beirut, Lebanon.

This investigation therefore consisted of chang-
ing various operating conditions, namely, dis-
persed phase flow rates, and water alkalinity and
salinity, and testing their effect on the rate of
mass transfer. In both absorption and desorption
studies, the gas flow rate was varied between 5
and 40 L/min. In addition, experiments were
undertaken at ambient pressure and temperature.
In these experiments a pure CO2 stream was uti-
lized when absorption experiments were carried
out, whereas an air stream was employed in the
desorption studies.

Additional details for the instruments, meas-
urement techniques, the calculation, and model-
ing methodology can be found in our earlier
publication (Al-Hindi and Azizi, 2018).

System investigated

Four different types of water were studied, the
physical properties of which are summarized in
Table 1. Densities and alkalinities were deter-
mined gravimetrically. The salinities were equated
by measuring the total dissolved solids (TDS) by
means of a TDS meter (EUTECH instruments,
CON 11) for the low salinity range, and gravi-
metrically for seawater, then multiplying these
values by the corresponding density. The max-
imum relative measurement error was 5%

Figure 1. Representation of the bubble column setup.
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stemming from the air and CO2 flow meters, pH,
and TDS measurements.

The initial alkalinity of the water (where it
brackish, RO or seawater) was measured at the
start of each experiment using the APHA stand-
ard method # 2320, and was then used
unchanged throughout the course of the calcula-
tions. This was further confirmed by calculating
the variation of the alkalinity during the experi-
ments, which was found to vary by less than
0.35% of its initial value in the most extreme
cases of absorption, a factor that was deemed
negligible and was therefore not included in the
calculations.

Results

All experiments relied on measuring the temporal
change of the pH of water at pre-fixed intervals.
In these studies, the steady-state pH for absorp-
tion was always reached much faster than the
desorption cases. This state was defined as <1%
change in pH in 100 s and was typically attained
within 900 s for the cases of absorption and
within 2000–3000 s for the cases of desorption.

This behavior is depicted in Figure 2 where the
temporal change of pH is depicted for both
absorption and stripping experiments. The raw
pH data (presented in Figure 2) is then trans-
formed to CO2 concentration profiles as depicted
in Figure 3 (for the same operating conditions as
in Figure 2). The method of conversion from pH
to concentration, is elaborated upon in our previ-
ous work (Al-Hindi and Azizi, 2018).

Effect of gas flow rate

The variation of kLa with the flow rate of CO2

during both absorption and desorption runs for
the various waters is presented in Figure 4a,b,
respectively. In these figures, it can be clearly
seen that the value of the absorption kLa is dir-
ectly related to the dispersed phase flow rate.
Continuously increasing the CO2 injection rate
induced a 2.5–5-fold increase in the absorption
kLa. These results agree with the results of a
number of previous investigations on the absorp-
tion of CO2 in water in bubble column contac-
tors (Thaker and Rao, 2007; Alvarez et al., 2008)
and in MATs (Panja and Rao, 1993; Hill, 2006)
where it was demonstrated that increasing the
gas flow rate induces a rise in the value of kLa. It
should be noted, however, that these studies dealt
with distilled and tap water only and did not
investigate the effect of water alkalinity
or salinity.

Table 1. Physical properties of the investigated waters

Type of water
Density
(kg/m3)

Salinity as
TDS (ppm)

Alkalinity (mg/L)
as CaCO3

RO product 999.8 40 12
Brackish 1002.0 2345.7 330
BWR 1003.1 5025.5 510
Seawater 1026.8 39,200 280

Figure 2. Temporal change of pH for the absorption followed
by desorption of CO2 in the bubble column for various water
types and at different gas flow rates.

Figure 3. Temporal change of [CO2] profile for absorption, fol-
lowed by desorption, for various water types and at different
gas flow rates.
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Figure 4b also shows that a rise in the dispersed
phase injection rate lead to an increase in the
desorption kLa. Increasing CO2 gas flow rate from
5 to 40L/min resulted in a 4–5.5-fold increase in
the measured volumetric mass transfer coefficient.

Effect of water alkalinity and salinity

Absorption
The change in kLa with salinity and alkalinity for
the absorption experiments is shown in Figure
5a,b, respectively. From Figure 5a, it is clear that
the value of kLa drops with an increase in the
water salinity until a minimum is attained at
TDS ¼ 5025mg/L (i.e. BWR), and then it is
observed to rise again as TDS increases for sea-
water (TDS ¼ 39,200mg/L). While this observa-
tion is true over the entire CO2 flow rate, the
relative magnitude of the changes is not consist-
ent throughout. The value of kLa is only 11%
lower for seawater than the value recorded for
RO water at the maximum injection rate, how-
ever, the deviation between the two kLa values is
higher at low flow rates.

The change in kLa with alkalinity is presented in
Figure 5b where it is clear that kLa decreases, almost
linearly, as the value of the alkalinity increases.

The change in kLa with respect to water salinity
can be explained in view of the data presented in

Table 1, where it can be clearly discerned that the
water with the highest salinity (i.e. seawater) has
only the second highest alkalinity. Therefore, it can
be deduced that alkalinity has a more pronounced
effect on the value of kLa in a bubble column, with
the salinity having a secondary role. In addition,
and although its effect is expected to be smaller in
the current study, a change in water density might
also play a role in determining the extent of mass
transfer. It is widely known that kLa values in bub-
ble columns are directly proportional to the slip
velocity of bubbles, hence a faster rise velocity, and
subsequently a larger kLa, should be expected in
the densest water (i.e. seawater).

However, a definitive conclusion on the effect
of water alkalinity and salinity on kLa would
require the decoupling of the mass transfer coef-
ficient, kL, and the interfacial area of contact, a,
and studying the effect of changing, under well-
controlled conditions, alkalinity, and salinity.
However, such a study is beyond the scope of the
current work that is geared towards highlighting
the importance of accounting for both parameters
in gas-liquid mass transfer studies.

Desorption
The variation of kLa with salinity and alkalinity are
shown in Figure 6a,b respectively. From Figure 6a,
it can be noted that a discernible relationship

Figure 4. The effect of the gas flow rate on kLa in various water types (a) variation for CO2 absorption and (b) variation for
CO2 desorption.
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between kLa and salinity cannot be deduced for the
entire range of investigated flow rates.

The variation of kLa with alkalinity is shown
in Figure 6b where it can be seen that the results
show a great deal of inconsistency where a dis-
cernible relationship between kLa for desorption
and alkalinity cannot be deduced. Along similar
trends, it should be noted that Aitchison et al.
(2007) observed lower volumetric mass transfer
coefficients at higher alkalinities (�12–39%) for
submerged and surface aerators.

Absorption versus desorption

Following our previous work (Al-Hindi and Azizi,
2018), the absorption and desorption kLa for RO
water and seawater were compared at various gas
flow rates in Figure 7a,b, respectively. Figure 7a
clearly shows that over the entire investigated dis-
persed phase flow rate range, kLaabs was always
greater than kLades for RO water with the values
ranging between 12 and 54%. Similar patterns were
recorded for the absorption and stripping of CO2

from seawater (Figure 7b), where kLa values dif-
fered, however, between 1.1% and 55%.

Similar to the findings of Al-Hindi and Azizi
(2018), several runs were performed using de-ion-
ized water (initial conductivity � 40lS/cm) and the
measured kLa values for absorption and desorption
were found to be very close to each other.

Using pure de-ionized water, experiments were
conducted at flow rates of 5, 10, and 15L/min to
establish whether mass transfer coefficients into
and out of de-ionized are equivalent. The kLa val-
ues were 0.009, 0.012, and 0.014 s�1 for the absorp-
tion case, and 0.007, 0.01, and 0.012 s�1 for the
desorption case, respectively. The relative difference
in values is in the range of 14–24% and these val-
ues may therefore be considered as relatively close
but not within the range recorded in our earlier
work for the mechanically agitated system (Al-
Hindi and Azizi, 2018) where the difference was
±10%. It should also be noted that the desorption
kLa values were lower than the absorption values
and that this is in line with the observations of sev-
eral workers (e.g. Thomas et al., 1982; Al-
Mashhadani et al., 2012). Nevertheless, and similar
to Al-Hindi and Azizi (2018), it can be concluded
that the presence of salts in the water does contrib-
ute to the discrepancies in the measured values of
the volumetric mass transfer coefficient with
respect to the mass transfer direction.

Effect of contactor type

Following our previous work (Al-Hindi and
Azizi, 2018) where the experiments were con-
ducted using a MAT operating with the same
types of water, a detailed comparison of the
performance of the two types of reactors can be

Figure 5. The effect of (a) salinity and (b) alkalinity on kLa for CO2 absorption.
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deduced. It should be noted that the MAT was
operated at two different impeller speeds
(N¼ 200 and 465 rpm). This comparison how-
ever will be divided into two sections dealing
separately with absorption and desorp-
tion cases.

Absorption
The variation of the volumetric mass transfer
coefficient, kLa, with CO2 gas flow rate for the

two reactor types, MAT (at two different impeller
speeds) and the bubble column, for RO water
and seawater is shown in Figure 8. At the lowest
flow rate, the difference between the kLa values
for the two MATs is comparatively small (14%
for RO and 28% for Seawater) with the difference
in values increasing with the rise in CO2 gas flow
rate (65% higher for RO and 100% higher for
seawater). The highest values for kLa were
achieved using MAT at 465 rpm, followed by

Figure 6. Effect of (a) salinity and (b) alkalinity on kLa for CO2 desorption.

Figure 7. Absorption and desorption kLa values for (a) reverse-osmosis water and (b) seawater.
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MAT at 200 rpm with the lowest values of kLa,
recorded in the bubble column. These results are
within the range of values reported in Elhajj
et al. (2014) and are in agreement with other
workers’ results (Hill, 2006; Kordac� and Linek,
2008). Increasing the stirring speed in the MAT
leads to a finer dispersion and consequently
enhances the rate of absorption of CO2. On the
other hand, the increase in the gas flow rate leads
to an increase in the gas holdup and, accordingly,

raises the interfacial area of contact and the value
of kLa. However, the increase in interfacial area
and mass transfer coefficient achieved in MAT
are usually much higher than those encountered
in bubble columns thus leading to higher kLa val-
ues in MAT (Elhajj et al., 2014).

Furthermore, the effect of alkalinity and salin-
ity on kLa was found to be very similar regardless
of the type of reactor. This can be clearly dis-
cerned from Figure 9, where the variation of kLa

Figure 8. Effect of contactor type on the kLa of absorption in different waters, (a) RO water and (b) seawater.

Figure 9. Effect of contactor type on the kLa of desorption in different waters, (a) RO water and (b) seawater.
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with either salinity or alkalinity can be seen to
follow similar trends.

Desorption
The variation of the volumetric mass transfer
coefficient, kLa, with gas flow rate for the two
configurations, MAT (at two different rotator
speeds) and the bubble column, for RO water
and seawater are shown in Figure 10. In contrast

to the absorption studies, the difference between
the kLa values for the two MATs was much
higher at the lowest air flow rate (160% for RO
and 240% for seawater) with the difference
decreasing with the rise in air flowrate (70%
higher for RO and 84% higher for seawater). The
highest values for kLa were achieved using MAT
at 465 rpm, followed by MAT at 200 rpm with
the lowest values of kLa, recorded in the bubble
column. However, and in contrast to absorption
studies, the difference in kLa values between
MAT at 200 rpm and the bubble column was
relatively small throughout the flow rate range
5–40 L/min (8-22% for both RO and seawater).
These results are also within the range of values
reported in Elhajj et al. (2014) and are in agree-
ment with other workers’ results (Panja and Rao,
1991; Lisitsin et al., 2008; Matsunaga et al., 2009).

Correlating the results

To better discern the dependency of the volumet-
ric mass transfer coefficient values measured in
the current work on the operating conditions and
physical parameters of the various water types,
the data recorded in this study were correlated
following Equation (1). In this equation, the
effect of the dispersed phase flow rate (in L/min),
TDS (in ppm), and alkalinity (in mg/L as
CaCO3) was highlighted and the outcome is

Figure 10. Effect of reactor type, salinity, and alkalinity on the values of absorption kLa at Q¼ 15 L/min.

Figure 11. Parity plot of predicted kLa values vs. experimental
measurements, using Equation (1), for both absorption and
desorption cases.
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summarized in Table 2. Furthermore, the parity
plots of these correlations are depicted in Figure
11.

kLa ¼ A � TDSa � Alkb � Qc: (1)

The dependency of kLa on the gas phase vel-
ocity, as reported by Thacker and Rao and
Alvarez et al., varied between 0.56 and 0.718
(Alvarez et al., 2000; Thaker and Rao, 2007)
which is also very similar to the current finding
of 0.526. As for desorption, Tokumura et al.
(2006) reported that desorption kLa follows u0:44g

in a bubble column, which is lower than the cur-
rent value of Q0:755:

Similar to the findings of Al-Hindi and Azizi
(2018) who studied these absorption and desorp-
tion phenomena in a MAT, it can be noted that
the observed minimum kLa value against TDS
might not be immediately noted from the con-
stant values of b in Equation (1). However, the
reader should examine the collective effect of
both salinity and alkalinity (i.e. b and c) in the
correlation (negative value for alkalinity and a
positive exponent for salinity) to be able to pro-
ject the existence of a minimum value for TDS.
In fact, this minimum value of kLa with respect
to salinity corresponds to the water that has the
largest value of alkalinity (i.e. BWR), and there-
fore the collective effect of both salinity and alka-
linity would render a low kLa. Such observation
was also noted in the study of Al-Hindi and
Azizi (2018).

Table 3 shows the range of kLa values measured
in the current study. A global comparison of these
results (for both absorption and desorption) against
kLa values reported in the open literature for bub-
ble columns, as compiled by Elhajj et al. (2014),
reveals that they fall within the same range.

Conclusions

In this work, the rate of CO2 transfer from/to
aqueous phases, with different values of alkalinity
and salinity, was investigated experimentally in
order to determine the effect of electrolytes on
mass transfer in bubble columns.

The results of this work are in conformity with
the vast majority of previously published data,
where it was observed that kLa continuously
increased with a rise in the dispersed phase flow
rate. This observation applied equally to absorp-
tion and desorption experiments.

In all runs, and similar to the findings of Al-
Hindi and Azizi (2018) the kLa values diminished
steadily with a rise in the salinity of water until it
reached a minimum value, above which the effect
was overturned and kLa gradually increased.
Nonetheless, this was not the case for the effect
of water alkalinity where the results showed a dif-
ferent trend; for the absorption experiments the
kLa values decreased with a rise in the alkalinity
of water while for desorption tests the results did
not indicate a consistent trend.

Finally, and with the exception of experiments
conducted with distilled water (where the kLa val-
ues were almost identical), the absorption experi-
ments showed higher kLa values when compared
to those recorded for the stripping experiments,
with differences up to 55% in some instances.
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Table 2. Correlation parameters for kLa.
Contactor type Experiment A a b c R2

Bubble column Absorption 3.51� 10–3 0.0449 –0.172 0.526 0.943
Desorption 1.16� 10–3 0.0311 –0.105 0.755 0.904

Stirred tank
(Al-Hindi and Azizi, 2018)

Absorption 1.988� 10–4 0.033 –0.243 0.557 0.954
Desorption 1.248� 10–5 0.011 –0.089 0.498 0.952

Note: In the case of stirred tanks, a fifth parameter existed, that is, the dependency on the stirring speed. This parameter was omitted from this table.

Table 3. Range of kLa values measured in the current work
compared to those obtained in a stirred tank.
Contactor type Experiment kLa � 103 (s–1)

Bubble column Absorption 3.5–17
Desorption 1.6–13.5

Stirred tank (Al-Hindi
and Azizi, 2018)

Absorption 4.9–55.4
Desorption 3.3–27.9

Typical values reported in the open literature (Elhajj et al., 2014)
Bubble columns Absorption 0.2–10

Desorption 3.7–40
Stirred vessels Absorption 4.2–33

Desorption 0.06–120
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Nomenclature

[CO2] total carbon content (mol/L)
a interfacial area of contact (m2/m3)
A correlation parameter (–)
Alk water alkalinity (mg/L as CaCO3)
kL overall mass transfer coefficient (m/s)
kLa volumetric mass transfer coefficient (s�1)
N impeller rotational speed (rpm)
Q gas flow rate (L/min)
S % salinity (g/kg)
TDS total dissolved solids (ppm)
ug gas superficial velocity (m/s)

Greek symbols

a,b,c correlation parameters (–)
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