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Study on development of COz reactive ionic liquid-based

facilitated transport membranes for CO2 separation
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Prevention of global warming is a critical issue related to the conservation of the
global environment, it is Zl matter that is based on the recognition that common
international approach. Carbon dioxide (CO2) is one of the major contributors to the
greenhouse effect, the development of the separation technology has been researched
in the world for prevention of global warming. Among several CO: separation
technologies, membrane separation has attracted attemtion during last decades
because it has some advantages including operational simplicity, high energy efficiency,
simple process equipment and low capital cost. In recent years, facilitated transport
membranes (FTMs) which include a COz carrier have attracted considerable interests.
The CO:2 carrier causes great improvement of COz absorbability of the membrane over
other species due to a chemical reaction with COz In addition, other gas
absorbabilities are not affected by the CO2 carrier. Therefore, a CO2 carrier extremely
increases COz absorption selectivity. Moreover, it is expected that the CO2 permeation
properties of the FTMs can be inherently improved by designing the chemical
structure of a CO2z carrier. In previous researches, alkanolamines, alkali carbonates,
amino acids or dendrimers were used as a COz carrier of FTMs. However, among these
carriers, alkanolamines are volatile liquids, they are lost during membrane separation

operation. On the other hand, alkali carbonates, amino acids and dendrimers were

_ erystalline solid. Such solid materials are useful to avoid the loss from the membrane

due to volatilization. However, the solid materials are precipitated by volatilization of a
solvent. Thus, development of a novel liquid COz carrier without non-volatility are
desired.

Ionic liquids is well known as a liquid with non-volatility. The physicochemical
properties of the ionic liquids can be easily controlled by combination of their cation
and anion because ionic liquids are “designer solvents”. I focused amine-functionalized
task-specific ionic liquids (aTSILs) which can react with COz. Among the aTSILs,
amino acid ionic liquid (AAILs) has been widely investigated as an ienic liquid with
high CO2 reactivity. In this study, I fabricated novel COz-selective FTMs containing the
AATLs (AATL-FTMs) and investigated a relationship between their gas permeation
properties and the physicochemical properties of the ionic liquids. This thesis is
divided into the following 7 chapters.

Chapter 1. General Introduction
The background of this study as well as the purpose of this study was introduced. A
review of the previous works and the scope of thesis are also given.
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Chapter II. Fabrication of amino acid ijomic liquid-based facilitated transport
membranes for CO2 separation

Novel COgz-selective FTMs with excellent CO:2 permeability were successfully
fabricated with AAILs. A series of tetrabutylphosphonium-type AAILs were
synthesized. The AATL-FTMs cantaining the AAILs were also prepared. AAILs act as
not only a diffusion medium but as a CO2 carrier and remarkably facilitate COz
permeation under dry and low humidity conditions. Among the AAIL-FTMs, FTM
containing AAIL with prolinate as an anion showed the highest CO2 permeation
property under dry condition. As the results of hygroscopicity and water-hdlding
property measurements, it was suggested that the highest performance of the
AAIL-FTM containing the prolinate type AAIL is due to the highest water-holding
property of the AAIL. That is to say, it can be said that water included AAILs enhances
the COz transport through the AAIL-FTMs.

Chapter ITI. Fundamental investigation of the factors controlling the COz permeability
of facilitated transport membranes containing amine-functionalized task-specific ionic
Liquids '

aTSIL-based membranes were prepared with tetrabutylphosphonium
amine-functionalized glycinate or 2-cyanopyrrolide ILs. CO:z permeabilities and
viscosity and CO:2 absorbance of ILs were evaluated. Viscosities of glycinate- or
methylglycinate-containing ILs drastically increased with COz absorption, probably
from hydrogen bonding between their COz complexes. The temperature dependence of
the COz permeability of the IL-based membranes was opposite to that of the viscosity
of the corresponding ILs. The COz permeability at low temperature under dry
conditions was improved by using tetrabutylphosphonium 2-cyanopyrrolide, which
barely forms hydrogen bonds among its CO2 complexes. However, above 363 K, the
tetrabutylphosphonium 2-cyanopyrrolide-based meﬁlbrane had a lower CO:
permeability than - the tetrabutylphosphonium glycinate-based membrane because
tetrabutylphosphonium 2-cyanopyrrolide absorbed less CO2. The major factors
controlling COz permeability of aTSIL-FTMs appear to be the viscosity of the CO2
complex (which is the most important factor) and the amount of COz absorbed.

Chapter IV. Improvements in the CO: permeation selectivities of amino acid ionic
liquid-based facilitated transport membranes by controlling their gas absorption
properties

A series of AAlLs composed of different cations of different sizes, including
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trihexyl(tetradecyDphosphonium glycinate, tetrabutylphosphonium glycinate and
triethyl(pentyDphosphonium glycinate have been synthesized for the carrier of CO:
FTM. Their physical properties, including their viscosity, density, molar volume and Nz
absorption amount were investigated. The amount of N2 absorption decreased as the
size of the cation of the AAIL decreased. FTMs containing these AAILs were prepared,
and their COz and Nz permeabilities were measured. The N2 permeabilities were
systematically investigated both experimentally and theoretically with the aim of
improving the selectivity of the CO2 permeation of the AAIL-FTM. As expected, the
CO2 permselectivity was improved using triethyl(pentylphosphonium glycinate, which
contained the smallest cation of the AAILs investigated in this study. I have proposed a
methodology for improving the COz selectivity of AAIL-FTMs based on reducing their
Nz permeabilities.

Chapter V. An amino acid ionic liquid-based facilitated transport membrane with
excellent CO:z permeation properties under humid andfor elevated temperature
conditions .

AAILs composed of different sizes and numbers of amino groups, including
tetrabutylammonium glycinate, tetramethylammonium glycinate and 1,1,1-trimethyl-
hydrazinium glycinate (laNiul[Gly)), were synthesized as COz carriers for a FTM. The
physical properties of fabricated AAILs, such as density, viscosity, N2 and CO2
absorption eapacities, were measured and fractional free volume wés calculated by
molecular dynamics simulation. The results show that the molar and fractional free
volumes decreased with decreasing AAIL size, and this caused decreased Nz absorption.
In contrast, the amount of COz absorption increased with higher numbers of amino
groups in the AAILs. The gas permeation properties of FIMs containing the
synthesized AATLs were investigated. The CO2 permeation properties were improved )
by using [aNml[Glyl, which has suitable gas absorption properties, with a small
molecular size and two amino groups per ionic pair. The [aN111l[Gly]l-based membrane
showed over 300,000 Barrer of COz permeability and a CO2/Nz selectivity of over 5,000
under optimal conditions. Finally, a guideline is proposed for the design of an AATL
with gas absorption properties that are suitable for fabricating a COgz-selective
membrane with excellent COz permeation properties under humid and/or elevated

temperature conditions.

Chapter V1. Polymeric ion-gels containing an amino acid ionic liquid for facilitated CO2
transport media '
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The AAIL-FTMs have a serious disadvantage. The prepared AAIL-FTMs were
supported ionic liquid membranes (SILMs), which were prepared by impregnating
AAILs in porous polymeric supports as liquid state. Since AAILs were merely held in
the porous supports by capillary force, they would easily leak by applied pressure. To
overcome this disadvantage, I fabricated a polymeric ion-gel including a large amount
of AAIL by free radical polymerization of vinyl monomers. In this study,
tetrabutylphosphonium proline ([Ps44[Pro]) was used as a typical AAIL because the
[P4444l[Pro)-FTM showed good CO: permeation property. Among different types of vinyl
monomers, 1-vinyl-2-pyrrolidone, 2-hydroxyethyl methaerylate and N,N-dimethyl-
acrylamide could be achieved to form AAIL-gels. It was suggested that a monomer with
high electron density on its vinyl group would be preferable to form well-grown
polymer network in AAILs. AAIL-gel containing 50wt% of [Pssud[Pro] showed tough
mechanical strength and held AAIL within their polymer network during compression
by thumb pressure. To investigate the effect of polymer network on CO:z permeation
through the AAIL-gel membrane, I measured CO2 permeability with different polymer
contents of AAIL-gel membranes. From the results, it was suggested that AATL-gel
had a potential to fabricate a tough AAIL-gel FTM with high CO2 permeability.

Chapter VIL. Conclusions

The conclusions of this dissertation were summarized.
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