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Facilitated transport of CO2 across a liquid membrane:
Comparing enzyme, amine, and alkaline
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Abstract

In this work we compare the efficiency of facilitated transport of CO2 across a liquid membrane by different facilitators as tested in either a
supported liquid membrane (SLM) or a hollow fiber contained liquid membrane (HFCLM) configuration. Permeance and selectivity were evaluated
by both experimental test and numerical simulation. These comparisons were used to define the best liquid membrane composition to maximize
separation performance. We also consider other factors that affect the choice of the facilitator, e.g. operation temperature and cost. Under ambient
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perating conditions, carbonic anhydrase (CA) combined with an alkaline carbonate gives better performance than does diethanolamine (DEA).
2006 Published by Elsevier B.V.
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. Introduction

Carbon dioxide (CO2) capture is important for both energy
roduction and environmental preservation. Concerns over
lobal warming consequent to the release of CO2, the most
mportant greenhouse gas, continue to grow [1]. Each year about
8 Gt of CO2 are released into atmosphere (1 Gt = 1× 109 metric
onnes) [2]. The exploration of new capture and storage methods
or CO2 is ongoing worldwide. Of the many candidate tech-
iques being studied principal focus is on absorption, adsorption
chemical and physical) and membrane methods.

For low concentration or low pressure CO2 streams chem-
cal absorption is preferred. The essential choice is between
hemistries that yield carbonates or carbamates (produced by
eans of amines) to realize gas–liquid CO2 separation [3].
istorically, the preferred operating geometry has been a two-

ompartment device—absorber and stripper. Absorption occurs
apidly and efficiently but desorption requires substantial addi-
ional energy, typically in the form of thermal input, applied
t the stripper. Both the thermal requirements and the pumping
equirements result in substantial energy consumption. In addi-

tion, these processes present many operational difficulties due
to the bulk fluid gas–liquid contacting design. Among the inher-
ent problems are flooding, foaming, channeling and entrainment
[4]. Yet another problem is the corrosive character of many of
the chemicals used.

Membrane technologies for CO2 separation are a promis-
ing alternative due to their modularity and ease of operation.
Membrane is used here to mean a thin film with selective
exclusion/inclusion properties. Performance of such a separa-
tion medium is based on differences in reactivity, solubility and
diffusivity for various gases in the membrane material. For non-
reactive materials both permeability and selectivity are typically
low [5].

A thin liquid film (liquid membrane (LM)), because of the
inherent absence of stable structure, requires a support material
for structural integrity. This can be achieved by its deposi-
tion into specific pores (immobilized liquid membrane (ILM)),
around fibers (supported liquid membrane (SLM)), or between
(microporous) surfaces (contained liquid membrane (CLM)).
The advantage of these designs is that they operate as contactors
avoiding many of the limitations seen in waterfall or bubble mass
∗ Corresponding author. Tel.: +1 732 274 9451; fax: +1 866 332 3005.
E-mail address: miket@aesop.rutgers.edu (M.C. Trachtenberg).

flow contactors. However, they do have their limitations. SLMs
in particular suffer from gravity-based size limitations due to the
formation of catenary curve structures. ILM and SLM, insofar
as they are not replenished and if the solvent has a high vapor
376-7388/$ – see front matter © 2006 Published by Elsevier B.V.
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pressure can fail due to evaporation (a pore 1 �m in diameter
and 25 �m long holds 19.6 fl volume). Evaporation can be min-
imized by use of a fluid having a lower vapor pressure than the
common solvent—water [6]. They will also fail due to excessive
transmembrane pressure differences.

The CLM design presents several advantages. One is that the
structural geometry is now governed by the support material,
largely freeing the design of gravitational limits and thus facil-
itating scalability. Another is direct access to the fluid to allow
replenishment of a high vapor pressure solvent (here water) min-
imizing if not eliminating failure due to evaporation. A third is
that the polymer micropores exhibit high bubble-point pressure.
This allows a far higher pressure differential than is possible
with an ILM or SLM design. Despite the presence of the poly-
mer separation is based on facilitated transport with the result
of higher permeance and selectivity than is easily achieved in a
simple polymer film. The CLM design does have is limitations.
These include within membrane boundary layers, pore wetting,
and surface fouling.

Our prior work has focused on the development of a HFCLM
reactor to support absorption and desorption in a single device
driven only by partial pressure differences [7]. In one design the
permeator is arranged much like a heat exchanger and consists of
multiple sets of hollow fiber feed fibers and hollow fiber sweep
fibers arranged orthogonally while a carrier fluid, the CLM, fills
the space between the feed and sweep fiber bundles. We have
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production of bicarbonate [14,15]. While these facilitators have
been studied individually it is impossible to compare their effi-
cacy due to differences in test conditions and equipment.

In this short note, we compare these facilitators in our
HFCLM permeator to allow head-to-head comparison under
identical test conditions. The facilitation mechanisms are pre-
sented, and performance, expressed in terms of permeance and
selectivity, is compared via experiments and numerical simu-
lations. Other factors affecting liquid membrane selection will
also be discussed. As the transport mechanism is the same for
both SLM and HFCLM configurations, these comparisons will
also be applicable to SLMs.

2. Theory

Chemical facilitation comes from the reversibility of the
chemical reaction between CO2 and chemical facilitator. Each
facilitator has its own reaction mechanism. Carbonate is an indi-
rect source of hydroxyl ions while amines react directly with
dissolved CO2. CA acts as a catalyst for the CO2–H2O reaction
thereby yielding enzyme-bound Zn-OH− to promote bicarbon-
ate formation.

2.1. Amine

The reaction of a secondary amine (R1R2NH) with dissolved
CO2 is generally described by a zwitterionic mechanism yield-
ing a two-step sequence [16]. The first step is the formation of
an intermediate zwitterion:

CO2+R1R2NH ↔ R1R2NH+CO2
− (1)

In the above reaction, the forward reaction rate constant is k1Am,
and the reverse reaction rate constant k−1Am.

The zwitterion is deprotonated by the base present in the
solution, forming a carbamate ion and a protonated base:

R1R2NH+CO2
− +R1R2NH ↔ R1R2NCO2

− +R1R2NH2
+

(2)

Here the forward reaction rate constant is k2Am and the reverse
reaction rate constant is k−2Am.

The reason for selecting a secondary amine as a facilitator is
the ease of reversibility of the chemical reaction between sec-
ondary amine and CO2. Primary amines react with CO2 much
faster, but the binding constant is high and desorption is diffi-
cult and energy consuming, whereas the tertiary amine and CO2
reaction is slow.

The CO2 diffusion–reaction transport equation is expressed
as:

DCO2

d2[CO2]

dx2 = k1Am

(1+ (k−1Am/k2Am[R1R2NH]))

×
(

[CO2][R1R2NH]− [R1R2NCO−2 ][R1R2NH+2 ]

KEqAm[R1R2NH]

)

lso explored spiral wound hollow fiber designs that can operate
n either co-current or counter-current mode [8].

Various facilitating chemicals have been used for CO2 sepa-
ation in both SLM and HFCLM configurations. Ward and Robb
9] measured the permeance of CO2 and O2 in porous cellulose
cetate films impregnated with saturated (6.4 M) cesium bicar-
onate solutions. For a 5.0% CO2 feed gas at 1 atm and sweep
ide of CO2 partial pressure at 0.005–0.026 atm, the average CO2
ermeance was 3.13× 10−9 mol/m2 s Pa, and CO2/O2 selectiv-
ty was 1500. With 2.0 M potassium bicarbonate and 2.0 g/l of
arbonic anhydrase (CA, E.C.4.2.1.1) in the liquid film, the CO2
ermeance increased by approximately a factor of 6, at about
.8× 10−8 mol/m2 s Pa. When a saturated cesium bicarbonate
olution containing 0.5 M sodium arsenite was used as liquid
embrane, the permeance increased about three-fold, to about

.0× 10−8 mol/m2 s Pa, and selectivity rose to 4100.
Suchdeo and Schultz [10] immobilized 1.0 M sodium

icarbonate containing 0.5 mg/ml CA onto highly porous
embrane. The best CO2 permeance obtained was about

.8× 10−8 mol/m2 s Pa and CO2/O2 separation factor of about
50.

Guha et al. [11] used an SLM of aqueous diethanolamine
DEA) to separate CO2 from N2. Using a 20.0 wt.% DEA solu-
ion, a 5.0% CO2 feed gas at 3.7 atm total pressure, and pure
elium as sweep gas, the CO2 permeance they observed was
.27× 10−8 mol/m2 s Pa with a CO2/N2 selectivity 276.

CA, an enzyme biocatalyst that efficiently converts CO2 to
icarbonate, has been the principle promoter we have exam-
ned [12,13]. We have also studied carbonate with piperazine,
esium carbonate alone and with arsenious acids and the sec-
ndary amine diethanolamine (DEA), as it too promotes the
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where the total reaction equilibrium constant, KEqAm, is defined
as

KEqAm = [R1R2NCO−2 ][R1R2NH+2 ]

[R1R2NH]2[CO2]
= k1Amk2Am

k−1Amk−2Am

2.2. Alkaline

The chemical reactions taking place in the alkaline CLM are:

CO2 + H2O
k1a←→
k−1a

H2CO3
KH2CO3←→ H+ + HCO−3 (3)

CO2 + OH− k2a←→
k−2a

HCO−3 (4)

where k1a and k−1a are the forward and reverse reaction rate
constant of (3), respectively. k2a and k−2a are the forward and
reverse reaction rate constant of (4). K1a and K2a are the chemical
equilibrium constants for (3) and (4), respectively, and

KH2CO3 =
[H+][CO2−

3 ]

[H2CO3]

The following two reactions (Reactions (5) and (6)) are also
involved in the CLM, but comparing to slow Reactions (3) and
(4), Reactions (5) and (6) are sufficiently rapid and chemical
equilibrium may be assumed.
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steps (a ping-pong process) where the first step deprotonates
water to produce hydroxyl ions and the second step combines
CO2 and hydroxyl ions to produce bicarbonate.

The maximal turn-over of CA is in excess of 1× 106 s−1[18]
making it the fastest catalyst for CO2 hydration reaction. The
actual reaction rate is proportional to the CA concentration in
the liquid membrane, which is usually quite small (<1 mM).
Thus, the overall reaction rate (CO2 hydration rate) is com-
parable to that of other facilitators. (Note however that the
energy requirement is small −163 kJ/mol). The CO2 hydration
and dehydration reactions are pH dependent as may be inferred
from first step. As CO2 reacts with H2O, the liquid membrane is
acidified and chemical equilibrium is easily reached. This lim-
its the CO2 uptake capacity of the liquid membrane. One way
to overcome this problem is to use CA with buffer and/or an
alkaline (bicarbonate/carbonate) solution. A liquid membrane
containing CA and an alkaline carbonate has been shown to be
an effective way of using CA for purposes of CO2 separation
[19].

Thus, for facilitated CO2 transfer across a liquid membrane,
during absorption at the feed side, the chemical reaction will
rapidly convert CO2 into other species (HCO3

− or carbamate) in
the liquid membrane. The HCO3

− or carbamate diffuses across
the liquid film under its concentration gradient. During desorp-
tion at the sweep side, HCO3

− or carbamate is converted back to
CO , which is carried away by the sweep (gas, liquid or vacuum).
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CO3
−⇔ H+ +CO3

2− (5)

2O ⇔ H+ +OH− (6)

he chemical equilibrium constants are defined as

HCO−3
= [H+][CO2−

3 ]

[HCO−3 ]

H2O = [H+][OH−]

eaction (4) is very fast, compared to Reaction (3). For any
olution at pH >10, Reaction (3) will be more than 30 times
aster than Reaction (4) [17].

The CO2 diffusion–reaction transport equation is expressed
s:

CO2

d2[CO2]

dx2 = k1a[CO2]+ k2aKH2O

KHCO−3

[CO2−
3 ][CO2]

[HCO−3 ]

− k−2a[HCO−3 ]−
k−1aKHCO−3

KH2CO3

[HCO−3 ]
2

[CO2−
3 ]

.3. Carbonic anhydrase (CA)

The overall mechanism of CA-catalyzed CO2 hydration and
ehydration can be simply expressed as reversible enzymatic
eaction:

O2+E ⇔ ES ⇔ HCO3
− +E (7)

here E is the free enzyme (CA), ES is intermediate enzyme–
ubstrate complex. Internally the forward reaction involves two
2
hus, in addition to transport being limited to the dissolved CO2
oving through the liquid membrane, there is an extra mech-

nism of HCO3
− or carbamate transport that greatly improves

he total CO2 mass transfer.
The CO2 diffusion–reaction transport equation is expressed

s:

CO2

d2[CO2]

dx2 = RCO2

CO2 =
⎛
⎝ [E0]kcat

([CO2]+ [HCO−3 ]KCO2
m /K

HCO−3
m +KCO2

m )

+ kCO2 + [OH−]kOH−

)
([CO2]− [HCO−3 ]/KEq)

here kcat is the turn-over number for CA, kCO2 the rate constant
or un-catalyzed CO2 and H2O reaction (same as k1a), kOH is
ate constant for CO2 and OH− reaction (same as k2a) and KEq
s the chemical equilibrium constant for (7). Note that [OH−] is
very small number.

We have measured and modeled the CO2 mass trans-
ort across a liquid film facilitated by CA in bicarbon-
te/carbonate solution or by a secondary amine (DEA) [15,20].
he 1D-simplified model includes the known chemical reac-

ion mechanisms, as well as various factors (temperature, ionic
trength, etc.) that affect such transport properties includ-
ng diffusivity and solubility. Details are given in Refs.
15,20].
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3. Experimental

We constructed a heat exchanger type design (mutually
orthogonal fiber orientation) from microporous polypropylene
hollow fiber membrane mat, Celgard® X40-200 (Membrana-
Charlotte, Charlotte, NC). The outer diameter of the fiber is
300 �m, the inner diameter 200 �m, nominal porosity is 40%
and effective pore size is 0.04 �m. The total feed membrane area
is about 0.1885 m2. The liquid membrane is on the shell side and
can flow in the direction perpendicular to both of the fiber mats.
The minimum achievable thickness of the liquid membrane is
controlled by the yarn diameter used to weave the hollow fiber
mat. A thicker liquid membrane can be achieved by use of spac-
ers sandwiched between the hollow fiber mats.

Air containing a specific percentage of CO2 (1–20%) was
fed to the feed fibers via a computerized mass flow controller
(Environics, Series 2020); ultrahigh purity argon was used as
the sweep. Under real-world conditions a sweep gas will not be
used. Rather, the sweep side permeation is driven either by a
vacuum or vacuum combined with a water vapor stream.

Both the feed and sweep gas streams were humidified through
Nafion humidifiers. The HFCLM reactor was placed in a liquid
bath controlled to constant operating temperatures. The com-
position of each gas stream was analyzed by a residual gas
analyzing mass spectrometer (Extrel).

4

f
r
N
t
m
t
A
I
1
1
fl
w

f
u
s
A
C
D
t
s
s

e
o
p
a
b

Fig. 1. Simulated permeance for each facilitator as a function of feed CO2

concentration.

as the literature data were obtained using different configura-
tions and experimental conditions (e.g. CO2 partial pressure
difference, liquid membrane thickness and composition), the
data do provide some understanding of the effectiveness of each
facilitator in promoting CO2 permeance. The data show that
the CA–bicarbonate liquid membrane always performs better
than does DEA. At 10.0% CO2 feed, the measured CO2 per-
meance facilitated by 20.0 wt.% DEA is only 33.5% of that by
1.0 M NaHCO3 + 3 mg/ml CA. Only at much higher CO2 con-
centration (20%), is there a convergence between CA + NaHCO3
and DEA. Given the diminished role of the facilitator as pCO2
increases this result is not unexpected.

The facilitators in CLMs not only determine the CO2 per-
meance, but also affect the selectivity of CO2 to non-reactive
gas. Facilitators that improve CO2 permeance will also improve
selectivity. However, the primary effect on selectivity is con-
trolled by the chemistry of the CLM that affects the solu-
bility and diffusivity of non-reactive gases. For instance, at

F
c

. Results and discussion

Simulations were performed under experimental conditions
or CLMs made of CA + alkaline, amine and pure alkaline,
espectively. As shown in the transport equations, the O2 and

2 in the feed gas has no effect on facilitated CO2 transport, and
heir permeances were determined simply by diffusion-solution

echanism. In our models we did not include calculations for
he transport of argon gas across the CLM to the feed/retentate.
rgon was measured at 1.07% in the feed and 99% in the sweep.

n recent experiments in a smaller permeator, with flow rates of
:1, the measured retentate argon concentration increased to only
.26% or 17.8%. In the experiments reported here the respective
ow rates were in a ratio of 2.5:1, thus the expected argon flux
ould be even lower, ∼7%.
Fig. 1 shows the simulated CO2 permeances for four dif-

erent CLMs considered. At maximum CA turn-over, the liq-
id membrane made of 3.0 mg/ml CA and 1.0 M bicarbonate
olution yields higher permeance than is the case with DEA.
t 15.0% CO2 feed concentration, the permeance with the
A + bicarbonate system is about 109% greater than with 20.0%
EA, and 52% greater than with 30% DEA. Fig. 1 also includes

he carbonate facilitator without any catalyst. It clearly demon-
trates that liquid membrane made of bicarbonate/carbonate
olution without CA gives poor CO2 permeance.

Our experimental results are shown in Fig. 2 along with lit-
rature data obtained using the SLM configuration. The source
f literature data is shown in the legend. The measured CO2
ermeances, using the above mentioned facilitators, are plotted
gainst the feed CO2 concentrations. While a direct comparison
etween the literature data and our experimental data is difficult,
ig. 2. Experimental data illustrating CO2 permeance as a function of feed CO2

oncentration. The comparative data derive from Refs. [9,10].
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10.0% CO2 feed, the measured CO2/O2 selectivity facilitated
by 20.0 wt.% DEA is 152, only 65% of that achieved by 1.0 M
NaHCO3 + 3 mg/ml CA.

The comparison made so far is only based upon CO2 perme-
ance and CO2/O2 selectivity, with CA being a better facilitator.
Many other factors come into play for a comprehensive compar-
ison. CA is a family of enzymes each with a preferred tempera-
ture range. The upper temperature bound, using a thermophilic
enzyme is about 85 ◦C [21]. The reaction rate is only modestly
temperature sensitive. In contrast, the reaction rate between CO2
and amine (or alkaline alone) increases with temperature. Higher
temperature will likely benefit amine or alkaline more than CA.
Each of these facilitators has limitations. Amines, for example,
are recognized as being corrosive and corrosion inhibitors are
needed to allow long-term operation. These inhibitors extract a
performance cost. Also, amines are oxygen sensitive and require
routine replenishment. For CA, very long-term stability may be a
concern, even through good short-term stability has been demon-
strated, i.e. up to 40 days or discontinuous use and more than
50 days of continuous use [19,20]. Literature studies indicate
lifetimes of 3–6 months or longer [22].

5. Conclusions

Comparisons were made for facilitated CO2 transport across
a liquid membrane containing three different facilitators: the
b
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