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Abstract: A comparison between a traditional packed column and a novel membrane contactor used
for CO, absorption with carbonate production is addressed in this paper. Membrane technology is
generally characterized by a lower energy consumption, it offers an independent control of gas and
liquid streams, a known interfacial area and avoids solvent dragging. Those advantages make it a
potential substitute of conventional absorption towers. The effect of the concentration and the flow
rates of both the flue gas (10-15% of CO,) and the alkaline sorbent (NaOH, NaOH/Na;CO3) on the
variation of the species present in the system, the mass transfer coefficient, and the CO, removal
efficiency was evaluated. Under the studied operation conditions, the membrane contactor showed
very competitive results with the conventional absorption column, even though the highest mass
transfer coefficient was found in the latter technology. In addition, the membrane contactor offers an
intensification factor higher than five due to its compactness and modular character.

Keywords: CO; capture; membrane contactor; packed column; intensification

1. Introduction

The concentration of carbon dioxide (CO,) in the atmosphere has increased significantly from
about 280 ppm in 1750 (pre-industrial era) to 367 ppm in 1999 [1] and has recently reached the value of
408 ppm [2]. Consequently, global temperature has increased (17 of the 18 warmest years on record
have occurred since 2001), the 40% arctic extent has decreased from 1980, and global average sea level
has risen almost 2 centimeters over the past 100 years [2].

Industry accounts for one-third of all the energy used globally, for almost 40% of worldwide CO,
emissions, and around 30% of CO; released to the atmosphere comes from fossil fuel power plants [3].
However, although CO, capture is a global issue, there is no simple solution that can be applied on a
global scale.

The most extended capture method is absorption using amines (e.g., monoethylamine or MEA).
Nevertheless, there are still some gaps in this technology. Apart from the solvent loss during the
process [4] and the large amount of heat that is required to regenerate the solvent [5], critical operating
limitations exist, such as emulsions, foaming or flooding [6], and amines, which are very toxic
compounds. In addition, the current technology is destined to CO, sequestration for further transport
by pipeline or ship and injection into a storage site, normally an underground geological formation
or the ocean. Alternative technologies are thus a key issue in the development of processes for CO,
capture and/or reutilization, such as absorption using novel solvents (e.g., ionic liquids), calcium
looping, adsorption, and membrane technology [7].

Ionic liquids (organic salts with a melting point below 100 °C) have negligible vapor pressure
and are considered in separation and reaction, but their high viscosity and price in comparison with
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conventional absorbers do not show any advantages from an economic point of view [8,9]. Calcium
looping technology is based on the reaction of CO, and calcium oxide (CaO) to obtain calcium
carbonate, which is calcined to produce pure CO; for sequestration [10]. Although the low price,
abundant natural source of CaO and the possibilities of an integrated system power plant-cement
plant-CO; capture [11], this technology has several challenges: the fast decay in CO, carrying capacity
(i.e., the level of conversion) over long cycles, the sorbent reactivity decay due to competing reactions,
ash fouling or loss of materials, and its reactivation with thermal or chemical treatments [7]. In CO,
adsorption, the gas diffuses into adsorbent pores of a solid that should have high adsorption capacity
and selectivity for CO,, chemical stability to impurities, low cost, etc. [12,13]. Activated carbon and
zeolite-based sorbents are the most common adsorbents because of the low regeneration energy, cheap
cost, and fast adsorption kinetics, but they are strongly influenced by temperature, pressure, and the
presence of moisture [7]. Metal organic frameworks have more adsorption capacity than zeolites and
the water adsorption affect less but the study of higher selectivities and capacities must occur [14].

Regarding membrane technology, research focused on CO; capture started around 1990 and since
then, great advances have occurred: higher mass transfer coefficients, new materials for membrane
synthesis, integration of membrane-based technology, etc. Nowadays, there are two main approaches
for CO; capture with membranes [15]. First, membranes can be used as selective barriers that determine
which compound permeates faster. Gas permeation (the membrane has a dense structure) and
supported liquid membranes (there is liquid inside the membrane pores that is responsible for the
separation) are the most common technologies applied in this sense [7]. Here, permeability and
selectivity are the principal properties. Research in membrane performance, materials and additives
has been done with successful results, from a technical point of view [16-18], but their economic
viability is not demonstrated [19]. The second main approach in membrane technology for CO,
capture is the use of membrane contactors as a non-selective barrier, which is considered in this work
due to its well-known advantages, such as flexibility on the operation, controlled and known interfacial
area, easy and proportional scale-up, low energy needs, and no solvent drop dragging because of
the precise separation of both phases [7]. The membrane role is to increase the surface for the mass
transfer exchange between both phases; i.e., the feed gas and the absorption liquid—Dby the action of
a driving force [20] and the principal parameter to evaluate the process is the overall mass transfer
coefficient. Several absorption liquids are used in this field but a general concern is the regeneration of
the absorption liquid or the valorization of CO,. Large emissions of CO, into the atmosphere are a
concern that could become an opportunity for the industry if a valuable compound can be produced
at minimum cost. The approach of our work tries to recover CO; as sodium carbonate (Na;CO3),
following previous works that showed the technical viability of the carbonate production as pure
crystals [21-24], independently of the amount of impurities on the NaOH-containing streams. This
is particularly interesting in pulp and paper, water treatment, and certain chemical sectors where
NaOH can be substituted for sodium carbonate (Na,CO3) in certain uses (preparing of white liquors,
impurities removal of saturated salt solution, etc.) [25]. The reaction of CO, with sodium hydroxide
(NaOH) to produce sodium carbonate (Na,COs) is considered [26]:

Overall reaction (R1): CO, + 2NaOH — Na,COj3; + H,O

Rate-determining reaction (Rp): CO, + OH™ — HCO3™
Tonic reaction (Rz): HCO3~ + OH™ — CO372 + H,O

NaOH offers fast absorption, producing a valuable product with commercial interest in 2015,
sodium carbonate world production rounded 53.4 millions of tons [25]. NaOH can be taken
from the waste streams coming from Merox Towers [27] or from subproduct flows of chlor-alkali
industry [28]. In this latter case, the use of NaOH-containing streams for CO, capture opens the
opportunity to implement an integrated (membrane) process; i.e., CO; capture & sodium carbonate
crystallization—for the valorization of the wastewater in an internal process loop on the chlor-alkali
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industry. The interest of this approach is given because the brines (NaCl streams), used as raw
material in the electrodialysis for the NaOH production, require a previous purification using NayCOs.
Thus, NaOH-containing streams would reach both the CO; removal and the carbonate production,
leading to a self-sufficient industry. Furthermore, the footprint associated to the electricity generation
(electrodialysis is the larger energy-consuming step) would be minimized.

The main objective of this manuscript is to compare the performance of the membrane
based-absorption with the conventional absorption system using NaOH aqueous solutions as the
absorption solvent. The different species involved in the absorption process are monitored and the
influence of the main parameters (concentration and flow rates of both gas and liquid phases) on the
mass transfer are addressed.

2. Experimental

2.1. Chemicals

The feed stream is a mixture of air (piston compressor entrained by an electric motor and
delivering a maximum pressure of 8 bars) and CO, (industrial carbon dioxide at 20 bars, Praxair).
The absorption solution was made by dissolving NaOH pellets (sodium hydroxide, NaOH solid,
AnalaR Normapur 98.5%) in deionized water (electrical resistivity of 18.2 M()/cm).

2.2. Experimental Set up and Operation

The CO; capture by NaOH solution was experimentally studied by means of a membrane
contactor and an absorption column connected in parallel so that both set ups can be used
independently in the same installation (Figure 1).

The absorption column was a packed column UOP7-MKII Gas Absorption Column, Armfield
Ltd. (Ringwood, UK). The membrane contactor was the 2.5 x 8 Extra-Flow Module™Liqui-Cel®,
Membrana GmbH (Wuppertal, Germany). Characteristics of both devices are collected in Table 1.

Table 1. Characteristics of the packed column and the hollow fiber contactor.

Packed Column Hollow Fiber Membrane Contactor
Parameters Data from manufacturer Parameters Data from manufacturer
Walls material Acrylic Mem?\zz?:ézl() tting Polypropylene/Polyethylene
Column diameter (m) 0.8 Fiber i.d/o.d (um) 240/300
Column packing Raschig rings Wall thickness (um) 40
dimeri?Z;};i?nii;gj mm) 10 x 10 Effective pore size (um) 0.04
Raschig rings material Glass Porosity (%) 40
Column length (m) 1.4 Effective fiber length (m) 0.16
Raschig rin§s sp3ecific 440 Effective membrine 14
area (m-/m~) surface area (m-)
Packing volume (L) 7 Number of fibers 10,200

In both systems a flue gas (mixture air-CO,) was contacted with an absorbent (NaOH) in
counter-current mode. The composition of the gas and liquid phases were measured at the inlet
and the outlet of the absorbers: CO; concentration in the gas was directly measured by sensors
and plotted on the console screen. Physical and chemical absorptions took place and, therefore,
new components appeared (carbonates and bicarbonates). The concentration of the hydroxides,
carbonates and bicarbonates was measured at the inlet of the absorbers; i.e., whose values correspond
to the composition of the feed tank—and at the outlet; i.e., after the absorption takes places. The inlet
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and outlet samples were taken at the same time every 20 min. The ion concentrations in the aqueous
solution were indirectly calculated by titrations of the liquid samples (see Section 2.3). The gas coming
out from the column/contactor; i.e., air and CO, not absorbed—is released to the atmosphere while the
liquid phase works in a closed loop, returning to the sump tank during the 80 min of each experiment.

In the case of the column, the absorbent was pumped to the top of the packed column (filled with
glass Raschig rings, with an interfacial area of 3.1 m?) and fell through it by gravity. At the bottom,
the gas stream is introduced. The CO, from the gas diffuses to the liquid phase and is chemically
absorbed by NaOH in the liquid film surrounding the packing material. The column has an interfacial
area and a volume of 3.1 m? and 0.7 m3, respectively.

Regarding the membrane contactor, the fluid-fluid contact was produced in the pores of the more
than ten thousand hollow fibers (the effective interfacial area is 1.4 m?). Gas circulated inside the fibers
(lumen side) and the liquid run around the fibers (shell side). The module (including the housing)
occupies 0.13 m>.

The pressure drop caused by the liquid phase was evaluated when varying the liquid and gas
flow rates in the column from 1 to 7 L min~! and from 40 to 180 L min~!, respectively. Liquid and
gas flow rates ranged in the membrane contactor from 1 to 3 L min~! and from 10 to 24 L min~!,
respectively. The values of the pressure drop in both systems are addressed in the Appendix A as
supporting information.

The presence of species in the system and the mass transfer coefficients were also analyzed for
both the gas and the liquid streams. This study was carried out by varying the concentrations of the
absorbent and the flue gas from 0.2 to 1 mol L~! of NaOH and from 10 to 15% of CO,, respectively.
The effect of the liquid and gas flow rates was also studied, as previously mentioned, for the pressure
drop study.
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Figure 1. Experimental set ups for CO; capture.

2.3. Analytical Methods

The composition of both gas and liquid was analyzed in order to evaluate the variation of present
species in the system.

The CO, concentration in the gas phase at the inlet and outlet of both the column and the
membrane contactor was measured by a AWMS5000 Series Microbridge Mass Airflow Sensor. It operates
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on the theory that air flow directed across the surface of a sensing element causes heat transfer and
output voltage varies in proportion to the mass of air.

Focused on the liquid phase, the titration method was employed to determine the concentration
of the species; i.e., OH~, CO3%~ and HCO3 ™. During the experimental work, the absorption of CO, led
to carbonates in the solution until all the NaOH was exhausted at the moment when the bicarbonates
are produced, as it is described in reactions R5 and R¢. The samples were treated with HCl and two
color indicators; i.e., phenolphthalein and methyl orange.

(Rs) CO, + 20H™ — CO3%~ + H,0O
(Rg) CO, + CO5%~ + H,O — 2HCO; ™~

On one hand, when NaOH is still present in the solution (Rs), titration starts with the hydroxide
reacting with a volume V; of HCI (Ry). This volume indicates that all the OH™ was neutralized and
only bicarbonate is present in the solution, which corresponds to the moment that the sample becomes
colorless from the initial purple given by the phenolphthalein. Subsequently, a two-step reaction
occurs, consuming two moles of HCI to neutralize one mole of carbonate (Rg and Rg). Here, a volume
V, of HCl is used to neutralize all the bicarbonates—titration finishes when the yellow color of the
solution given by the methyl orange becomes totally pink. On the other hand, when no more NaOH is
present in the sample, the absorption takes place according to Re. Then, titration consumes a volume
V; of HClI to convert all the carbonates into bicarbonates (Rg) and a volume V;, of HCl to finally produce
H,CO;s. The calculations of the volumes and species concentrations are summarized in Table 2.

(R;) OH™ + H* — H,0
(Rg) CO3%~ + HY — HCO;~

(Rg) HCO3™+ H* — H,CO;3

Table 2. Volumes and species concentrations obtained by titration.

Volumes Species Concentration
VtOtﬂl = V1 + V2 [OH*] — M
17 - . — sample

NaOH still in solution Vcogf =2:Wl , [HC’]‘chogf
Vor- = Viotal — Vcogf {Cos ] -y

[HCI)- V. ,_

Vegr =2V [CO3] =~
NaOH already exhausted 5 [ Héﬂljn’;;

VHCO; =WV, - Vig [HCO3 - HCOy
sample

2.4. Mass Transfer Equations

The absorption rate allows the calculation of the overall mass transfer coefficient for both the
packed column and the membrane contactor system, using Equation (1) (adapted from [29]).

rco, = Fait f;t? 1)
1

where F; is the volumetric rate of absorption of CO; (L s~ given by Equations (2) and (3), patm is the
atmosphere pressure, R is the gas constant, T is the temperature and the subscript i represents either
the column or the contactor.

(Ccoz,, - CCOz,II) “(Fair + Fco,)
Fa,column = 100-60

@
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(CCOM'GI - CCOZ,H'GH>
Fa,membmne = 100-60 (3)

where Cco,, ,Cco, ;, Fair» Fco, are the concentrations (vol %) of CO; at the inlet (I) and the outlet (II),
and the flow rates of air and CO; of the packed column, respectively; and G; and G are the inlet and
outlet total flow gas of the membrane contactor, respectively.

Absorption rates were further used to calculate the overall mass transfer coefficient (Kyy,
mol atm~! m~2 s71) by means of the following equations for both, the packed column system — Ky,
Equation (4)- and the membrane contactor set up —Koy,m, Equation (5), (adapted from [30]):

rco,

K =" 4

T a-A-H-APy,, @)
rco

K =2 5

oo Aeff APy i ©)

where 4 is the specific area of packing per unit volume of the column (m? m~3), A is the cross-sectional
area of the tower (m?), H is the packing height (m), AP, is the logarithmic mean driving force
(see Appendix A) and 4, is the effective gas-liquid contact area (m?).

Finally, the efficiency removal of CO, (E, %) was measured according to the following
equation [31]:
CO1 —COy 11

E(%) = =5

100 (6)

3. Results and Discussion

3.1. Variation of Species

Figure 2 represents the evolution of the ion concentrations over the time when the packed column
is operated. Two trends describe the hydroxide, carbonate, and bicarbonate ion concentrations before
(Figure 2a) and after (Figure 2b) the gas-liquid contact inside the column.

According to reaction Rs, the depletion of NaOH and the production of the carbonates take place.
Regarding the consumption of the NaOH, a first look allows us to conclude that the instantaneous
reaction between the CO, and the hydroxide occurs as soon as both phases are in contact and when
pH is still higher than 10. The drastic differences between the inlet and outlet concentration in the first
20 min corroborates the high selectivity of the absorbent to the contaminant. This rapid exhaustion of
the initial absorbent will strongly influence the mass transfer coefficient in later calculations. In parallel,
the presence of the carbonate ions increases over time as a consequence of the reaction. From 20 to
60 min, NaOH is still present in the sum tank but is not any more at the outlet of the column because
all the NaOH contacting the CO, is reacting and the alkaline solution is close to the saturation in
terms of absorption. In this time frame, carbonate concentration remains almost constant (around
0.1 M, the maximum to be produced according to the stoichiometry 2:1) at the outlet of the column
because carbonates are still producing but also being consumed by the reaction with the CO, (Rg).
Both reactions take place at the same time when the hydroxide concentration is quite low (10 < pH < 8).
The total depletion of the 0.2 M of NaOH arrives in the following moments after 60 min of the process
(Figure 2b) has passed, due to the fact that no more hydroxides are available at the outlet at this time
and, since that moment, the profile corresponding to the inlet carbonate concentration, which was all
the time below the outlet trend, is above up to the end of the process at 80 min. This can be explained
because once the NaOH has totally disappeared (pH < 8), carbonates are the only species reacting with
CO; producing bicarbonates. This second reaction is seen where both bicarbonate profiles remain in
zero for 40 min but slowly increase, first appearing at the outlet of the column (Figure 2b) and, finally,
when the presence of bicarbonate is high enough to be detected by titration in the feed tank (Figure 2a).
At the end of the experiment, only carbonates and bicarbonates were in the solvent reservoir.
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Figure 2. Evolution of inlet (a) and outlet (b) species concentration as a function of time in the packed
column. CO, and NaOH initial concentrations are 10% and 0.2 mol L1, respectively; gas and liquid
flow rates are 33 and 1 L min~!; respectively.

Species concentrations collected in the column followed the same trend when the membrane
contactor set up was evaluated. Figure 3 shows the evolution of hydroxides, carbonates and
bicarbonates at the inlet and the outlet of the hollow fibers. Similar operating conditions were applied,
except in the gas flow rate, being in this case 6.5 L min~! (33 L min~! in the packed column) due to the
smaller dimension of the contactor. Inlet (Figure 3a) and outlet (Figure 3b) concentrations describe
linear trends against the drastic absorption that occurs in the column. Here, NaOH depletion is slower
due to the fact that less flue gas is coming into the contactor and, therefore, less amount of CO, reacts.
Thus, the concentration of hydroxide remains higher (because the same initial volume was used in
the sum tank) but the production of carbonate is also lower (stoichiometry is respected). Figure 3
shows that no bicarbonates appeared during the experiments because the NaOH concentration was
high enough to absorb the CO, following the Rs reaction, which did not allow the reaction with the

carbonates (R¢). Thus, the reservoir only contained sodium hydroxide and carbonates at the end of
the experiment.

b
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Figure 3. Evolution of inlet (a) and outlet (b) species concentration as a function of time in the
membrane contactor. CO, and NaOH initial concentrations are 10% and 0.2 mol L™, respectively; gas
and liquid flow rates are 6.5 and 1 L min~}; respectively.
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In summary, both technologies respond to the same physical and chemical mechanisms. Alkaline
solutions, either if they are pure solutions (NaOH or Na;CO3) or mixtures NaOH/NapCOj3, can be
used to capture the CO, and to finally produce the compound that is required. This approach could
be extended to other alkaline solutions such as potassium hydroxide (KOH), leading to potassium
carbonate (K,CO3) and/or bicarbonate (KHCO3), which are largely used as cleaning and emulsifying
agents [25], among other applications.

3.2. Mass Transfer Coefficient

The influence of four main variables; i.e., concentrations and flow rates of both flue gas and
absorbent on the mass transfer carried out in both the packed column and the membrane—was studied
according to the experimental conditions defined in Section 2.2 and the characterization methods in
Section 2.3. Results are shown in the next sections.

3.2.1. Influence of the Flow Rates of the Fluids on the Mass Transfer Coefficient

The evolution of the species concentration aforementioned is characteristic of systems that
work in batch mode. Nevertheless, power generation and CO; emissions are rarely interrupted,
so refreshed solvents must be used to keep the concentration constant and, consequently, the same
level of absorption. The way to simulate this scenario from the batch laboratory results is by calculating
the mass transfer coefficients at the beginning of the experiment (time 20 min in this case) to ensure
high concentration of NaOH and an almost constant concentration of CO; at the outlet gas. These
results are addressed in Figures 4 and 5. Furthermore, the mass transfer coefficient for different
concentrations of the NaOH and NaOH/Na;CO3 mixtures obtained in the laboratory are collected in
Figure 6.

0.005
|
— 0.004
£ A
s
o
<, 0.003 A
E A
©
£ 0.002
=
2
0.001
0
0 1 2 3 4 5 6 7
Flow rate of NaOH (L min)
M 6.7 L/min gas (membrane) 10 L/min gas (membrane) A 23.5 L/min gas (membrane)
33 L/min gas (column) 66 L/min gas (column)

Figure 4. Mass transfer coefficient in function of the NaOH flow rate for different flue gas flow rates
in the two set ups. The CO, and NaOH initial concentrations are 10% and 0.2 mol L™}, respectively,
for all the cases except the experimental point corresponding to 23.7 L min~! gas (membrane) and 3 L
min—! of NaOH flowrate, where it was used as 15% of CO,.
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Figure 5. (a) Mass transfer coefficient in function of the NaOH initial concentration in the solvent for
different CO, concentrations in the flue gas in the two set ups; (b) CO, removal efficiency. The solvent

and the flue gas flow rates in the column and the membrane contactor are 5 and 33 L min~! and 1 and
23.5 L min~!, respectively.
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Figure 6. (a) Mass transfer coefficient in function of the %NaOH in the liquid solution in the two set
ups; (b) Zoom of the bottom part of Figure 6a.

In Figure 4, mass transfer coefficients obtained by running both a packed column and the
membrane contactor are plotted as a function of the solvent flow rates for different feed gas streams.
In the column, the higher the solvent flow rate and the lower the flue gas velocity, the higher the mass
transfer coefficient. For the studied operation conditions, when the liquid flow rate is increased from 1
to 7 L min~! in the column, the overall mass transfer coefficient increases by 42%. When the liquid
stream is increased from 1 to 3 L min ! in the contactor, the overall mass transfer coefficient enhances
by 51%. The higher the liquid flow rate, the more rapidly fresh NaOH enters the column/contactor,
ensuring that CO is efficiently absorbed. Furthermore, the turbulence that is generated decreases the
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resistance in the liquid phase and, therefore, a better mixing of the phases within the absorber [32].
In the contactor, the membrane means an extra resistance, which is counterbalanced by reducing
the liquid boundary layer by increasing the solvent flow rate. On the other hand, when the flue gas
increases in the column from 33 L min—! to the double, the overall mass transfer coefficient decreases
by 12%. By increasing the increment of the flue gas from 10 to 23.5 L min~! in the membrane contactor,
this reduces the overall mass transfer coefficient around by 50%. While this parameter does not have
a relevant effect on the column, it seems more shocking on the contactor. It is normally expected
that the higher the gas flow rate, the lower the mass transfer resistance (inversely proportional to the
mass transfer coefficient), as it occurs when the flue gas rises from 6.7 to 10 L min~!. Nevertheless,
the mass transfer coefficient is lower for a gas stream of 23.5 L min~!. In this case, it was experimentally
observed that bubbles appeared in the liquid phase; i.e., the other side of the membrane. This means
that gas pressure overcomes the liquid one and, therefore, the gas-liquid contact was not only produced
in the pores of the membrane but also in the liquid side. In other words, the gas pressure limitation of
the membrane contactor was exceeded. Consequently, the mass transfer occurred but the efficiency
decreased because the operating limitations were not respected. Therefore, this result is discussed with
special caution.

The effect of the fluids also revealed that all the mass transfer coefficients addressed in Figure 4
share the same order of magnitude, although the exchange area in the membrane contactor is two times
lower than in the column and the volume is also smaller. This verifies the idea that much lower mass
transfer coefficients would be expected in the packed column at identical experimental conditions in
both kind of absorbers (for example, liquid and gas streams of 1 L min~—! and 6.5 L min~!, respectively),
and, therefore, the process intensification would be directly identified. Nevertheless, it is needed to
go further and to analyze the influence of the composition of the fluids, also in the efficiency on the
elimination of the contaminant.

3.2.2. Influence of the Gas and Liquid Composition on the Mass Transfer Coefficient

Regarding the composition of the flue gas and the absorbent, Figure 5a displays the mass transfer
coefficient calculated in both set ups when the NaOH initial concentration ranges from 0.2 to 1 mol L~!
and 10-15% CO; in the flue gas is used. Here, the overall mass transfer coefficient for 0.5 and 1 mol L~}
of NaOH is one order of magnitude higher than that obtained for 0.2 mol L~! (also plotted in Figure 4).
Thus, the effect caused by the variation of the flow rate shown in the previous section is negligible
compared to the important effect of the NaOH concentration. High NaOH concentration increases
the overall mass transfer coefficient due to the larger availability of hydroxide groups to react with
CO,, which increases the absorption capacity of the solvent [33]. Regarding the flue gas composition,
no effect is observed in the membrane contactor but it is noticeable in the column. In Figure 5a,
both column profiles followed a parallel trend. Mass transfer coefficients are higher when the amount
of CO, is lower in the flue gas. Again, more hydroxides remain in the feed tank because less reactions
took place with the contaminant and, therefore, more OH™ ions are able to chemically absorb with
CO, while passing through the packing, ensuring a high value of the coefficient. Similar mass transfer
coefficients were obtained in both configurations when the concentration of the solvent was 0.2 M.
Here, it should be remembered that the mass transfer in the column involves only the resistances of
the gas and liquid boundaries but, in the membrane, a third extra resistance is present: the physical
barrier [34]. In this case, the third resistance of the membrane does not mean a strong disadvantage
compared with the absorption column. This specific scenario shows a hypothetic competition in
terms of mass transfer but the CO, removal efficiency, plotted in Figure 5b, displays better results in
the case of the conventional equipment, especially when 15% of CO; is treated. On the other hand,
in the experiments with 0.5 and 1 mol L1 of NaOH, the mass transfer coefficient values revealed an
important difference between the packed column and the membrane contactor. It can be concluded
that the most important variable affecting the mass transfer is the concentration of the solvent.
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Figure 5b presents the CO, removal efficiency for the same group of experiments. Upslope trends
obtained agree with the mass transfer coefficient profiles. The highest efficiencies were found in the
column, where 97% of the CO, was eliminated when 1 mol L™! of initial NaOH was used for capturing
both 10% and 15% of the CO; in the flue gas (75% elimination with the membrane) and more than 80%
removal was reached with 0.5 mol L~1. The lowest removal was obtained with the column when the
concentration of the solvent was 0.2 mol L™}, while the removal efficiency in the membrane contactor
overcame the 50% for the same case. In summary, good removal efficiencies were obtained, similar to
the literature previously reported [31], which may satisfy industrial requirements. Furthermore, it can
be concluded that the concentration of NaOH is the most responsible parameter in absorption.

The mass transfer coefficients and the removal efficiency showed in Figures 4 and 5 must
be considered conservative because they were calculated at time = 20 min, in which the initial
concentration of NaOH had already decreased. Indeed, a removal efficiency of up to 97% was
also obtained in the membrane contactor when the value at time 0 was used; i.e., few seconds after
starting the experiment. In order to show a more realistic overview of results, according to the real
sorbent concentration, Figure 6 displays the mass transfer coefficient of all the experiments made in
the function of the percentage of the NaOH still present in the solution.

Five points in the upper part of Figure 6a highlight the rest of the experimental cases. These
values correspond to the experiments where the initial NaOH concentration was 0.5 and 1 mol L.~!
in the column. A high initial concentration avoids the rapid exhaustion of the hydroxides, reaching
best mass transfer and capturing more CO;. These coefficients were obtained only when the first
reaction between the contaminant and the hydroxides was involved. A barrier rounding the 50%
NaOH/NayCOj limits the possibility to reach mass transfer coefficients one order of magnitude
higher than the majority collected. Thus, as soon as the carbonate ions were more and more present,
the coefficient became lower. This performance is more pronounced in the column but it can be also
appreciated when the plot is zoomed, as it is addressed in Figure 6b. Here, when the NaOH has
already disappeared, the smallest removal of CO; is reached because now the carbonates are the only
species with the capacity to absorb; therefore, bicarbonates appear.

From an industrial point of view, a low coefficient means poorer yield of the equipment; i.e.,
the column or the contactor. Nevertheless, the efficiency of the whole set up did not follow the same
logic; i.e., the worst efficiency of the equipment was not always the worst performance of the complete
system. This performance is seen on the membrane contactor if both the coefficients and the removal
are contrasted in opposition with the apparently more coherent trend in the column, where high mass
transfer and CO, elimination perfectly fit each other.

The comparison between the packed column and the membrane module must take into account
the dimensions of each technology. Although the flue gas and the absorbent flow rates in the column
where lightly higher than the one used though the membrane contactor, the intensification is clearly
demonstrated since a membrane contactor whose volume is 0.13 m? is able to obtain similar results than
a packed column of 0.7 mS3. Thus, the intensification factor; i.e., the ratio between the packed column
volume and the membrane contactor volume—is 5.38. Studies about packed columns and membrane
contactors [35,36] collected intensification factors between 1.5 and 11 using monoethanolamine,
diethanolamine, triethanolamine or piperazine as absorbents. None of the previous research using
NaOH as a sorbent has been found that uses the intensification factor parameter.

4. Conclusions

A gas stream containing 10-15 vol % CO, has been treated in both a packed column and a
membrane contactor set up, leading to the capture of the contaminant by means of a sodium hydroxide
solution in order to finally obtain a valuable product (sodium carbonate) to be reused in the industry.
The influence of the main operating parameters; i.e., concentration and flow rates of both the gas and
the liquid phase, on the species evolution, the overall mass transfer coefficient and the CO, removal
efficiency—was evaluated.
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Rapid exhaustion of the NaOH was found when the CO, was captured in the column, being faster
when the sorbent concentration was smaller. When no more hydroxides exist, a secondary reaction
between the carbonates and the contaminant produces bicarbonates. This becomes important because
it opens the possibility to obtain different products and, therefore, further industrial applications
will determine the components of interest. The evolution of the species in the membrane contactor
followed the same trend.

The best and the worst mass transfer coefficients and CO, removal efficiencies were found
in the column and intermediate values corresponding to the membrane contactor were set up.
Thus, the column offered some mass transfer coefficients one order of magnitude higher than in
the membrane contactor, corresponding to the experiments where 0.5 and 1 mol L~! of NaOH, but the
major part of the results shared the same coefficient value range (0.001-0.0065). Again, the composition
of the sorbent implies the stronger effect on the characterization parameters. Moreover, when no more
NaOH were in the process, the contaminant elimination decayed until 21%, far from the 97% reached
with the highest hydroxide content.

Regarding the flow rates of the fluids, the higher the absorbent velocity and the lower the gas
fluent, the better the mass transfer. Nevertheless, the influence of this parameter may be negligible in
comparison to the strength of the NaOH concentration effect.

Results allow us to conclude that, firstly, the technical viability to capture CO, with the novelty
offered by the membrane technology is a fact and, secondly, that it will become a powerfuly competitive
alternative to traditional absorption, including an intensification factor of 5.38.
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Appendix A

Logarithmic mean driving forces are given by the following equations:

Yinlet — Youtlet Patm
APlrrz,colum'rt = - ' 100 (Al)
ln< Yinlet )
Youtlet
Yinlet — Youtlet
Ale,contuctor =7~ Pmean (A2)
Yinlet
(yuutlet)

where, yiyjer and v, are the inlet and outlet partial pressures (%) and pjeqn is the average pressure
in the lumen side (atm) in the membrane contactor.

Pressure Drop Measurement

Pressure drop in the experimental set ups was measured due to the influence that flooding may
have in the CO; absorption and, therefore, the mass transfer. Figure A1 represents the variation of
the pressure drop according to the air and liquid flow rates in the packed column. Two observations
require attention. First, the higher the air/liquid flow rate, the higher the pressure drop. For a fixed
gas flow rate value, it is observed that the distance between two consecutive points becomes larger
when the liquid flow rate increases. Here, the pressure drop increment is due to the resistance offered
by the liquid falling against the air flowing up. Meanwhile, liquid flow rates follow a linear trend,
with an almost constant distance between consecutive points and a slow change in the slope. This is
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due to the liquid holdup and an additional resistance to the air flow. The stronger effect on the pressure
drop comes, then, from the liquid flow and it can be seen with an easy example from the graph:
a pressure drop of 10 mbar could be measured with an air/liquid flow of 170/1 L min~! but also with
50/5 L min~".

25 %
E 20 N X
£

15
§- X
h-] X
Q
s 10 X
2 X
a 5

X
0
0 50 100 150 200

Air flow rate (L min-?)

Liquid flow rate: 1 L/min Liquid flow rate: 2 L/min Liquid flow rate: 3 L/min
X Liquid flow rate: 4 L/min Liquid flow rate: 5 L/min Liquid flow rate: 6 L/min

+ Liquid flow rate: 7 L/min

Figure A1. Pressure drop as a function of the air flow rate for different liquid flow rates.

Secondly, the pressure drop for the range studied does not mean relevant importance.
The maximum air flow rate in the CO, capture experiments was 66 L min~—!, where the highest
pressure drop found for this is 20 mbar, which corresponds to a liquid flow of 5 L min~—!. Even in the
larger pressure drop value collected (24 mbar from air/liquid streams of 100/4 L. min~!) is very far
from atmospheric pressure (1013 mbar). Thus, the pressure drop was considered negligible in other
calculations; i.e., volumetric rate of absorption of CO; and the mass transfer coefficient.

Regarding the membrane contactor system, the flow capacity for both gas and liquid was lower
than the column. The pressure drop was here evaluated in two different configurations based on the
Figure 1b. A valve was placed before the inlet of the lumen side to ensure that the CO, sensor was not
flooded by an excessive gas flow. This may suppose an unreliable CO, concentration measurement.
The influence of the opened/closed valve in the pressure drop along the membrane contactor was then
evaluated and plotted in Figure A2. It shows the evolution of the pressure drop for both configurations
when the gas flow is increased. Differences are evident and a closed valve system shows pressure
drops more than four times greater than the opened valve configuration for the range analyzed. This is
the case of a gas flow of 20 L min, where the pressure drop is 100 and 24 mbar for the closed valve
and the opened valve settings, respectively. These differences are clearly due to the release of gas
by the opened valve finding the easiest way to escape but also because of the narrowing from the
pipes connected to the contactor (less than 10 mm) to the hollow fibers (10,200 fibers with an internal
diameter of 240 um). Although the flue gas fed to the rest of the experiments did not exceed 10 L min 1,
the pressure drop already represents 40 mbar, which is the double of the maximum value obtained
for the worst case in the packed column. As occurred with calculations about the packed column,
the pressure drop is negligible with regards to the atmospheric pressure. Nevertheless, the opened
valve configuration may affect the species evolution and, therefore, the mass transfer coefficient. Thus
the result so results require careful consideration.
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Figure A2. Pressure drop as a function of the gas flow rate for two configurations.
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