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Chapter 1

Introduction

1.1 Background and motivation

Carbon dioxide (Cg is an acid gas which is generated from land, mcea
respiration, combustions of fossil fuels or coaisl ®iomass burning. CQs classified
as a greenhouse gas that causes the global wapimémgpmena. Increasing emission of
CO, to the atmosphere is classified as a severe proilehe world. During 1750-2005
A.D., a report shows the remarkable £€ncentration in the atmosphere rises from
280 to 379 ppm which is the highest statistic ia thst 650,000 years [1]. The €O
concentration of each emission sources are ligddlow: 7 to 14% power plant, 24%
cement plant, 27% steel plant and 30 to 50% chénpieat. Therefore, it is very
important issue to find out methods for £€&questration.

1.2 Technologies for CQ sequestration

Due to the increment of GQemission to atmosphere, a number of researchers
have attempted to capture €0y many techniques. The current techniques fop CO
sequestration contain adsorption [2-4], absord®o], cryogenic [7, 8] and membrane

separation technology [4]. The detail of each metisgrovided as follows:

1.2.1 Adsorption

The separation of COby adsorption process can be conducted by several
technigues: vacuum swing adsorption (VSA), pressweg adsorption (PSA) and
temperature swing adsorption (TSA). At first, thesided gas, C§€ is adsorbed on to
the surface of adsorbents. To desorb the gas genesate the adsorbents), the process
then swing to vacuum, decrease the pressure cgaserthe temperature, respectively.
The conventional adsorbents for £€apture consist of zeolite [2], activated carb®n [
9] and molecular sieve [4, 10]. The characteristiteffective adsorbent should have
low regeneration energy and cost, high selectaitgt adsorption capacity for GOr'he

principle of adsorption process is illustrated ig.A..1.



other gases

4 YA rll\/ )

Decrease
P or
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Co,

€O, H,y,
Nj, CH,

= = el
_ L I\

Fig. 1.1 The principle of CQadsorption process

1.2.2 Absorption

Absorption process has been widely applied for, separation in oil and gz
industries, chemical processing industries, andgpguant. C(; is removed from th
fuel gas stream bgbsorbing to the solvent, typically amine solutidhe solvent is fe
into the top tray of the absorber, while sour gafed into the bottom tray. The functi
of packing inside the absorber is to increase timtacting surface area between ;
and amine. The sweet gas is released at the tapsoirber. Rich amine is delivered
the top tray of the regenerator. Reboiler, at #generator tower, supplies the hea
remove CQ from rich amine. Ct, is purged athe top of the regenerator. Lean amin
recycled and routed to the top tray of the absoiTo understand some effects of -
variables on the processid energy requiremel, the researchers used Aspen Plus
simulation tool to study{11]. It is the quite advantage to understand the w
absorption process for the practical point of viithout performing the experimen

The principle of CQabsorption process is shown in Fig.
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CO, rich solvent

Fig. 1.z The principle of CQabsorption process

1.2.3 Cryogenic

This method is generally used for separation ofabiel gases, such as »,
from the gas stream, which contain high amount eth@ane such as natural [12]
and coal-fired plants [13]f the amount of Cy, is relatively high, it may cause the hi
corrosion of the distillatio column and cause the sales gas to be out op#etfisation.
CO; is separated from the fuel gas by cooling the siramasul-zero temperatures th
only CG is condensed. The principle of cryogenic methoshgisiold from LNG is
shown in Fig. 1.3. Morever, the solid formation from COcan occur during th
operation, this process also prevents the pluggag inside the column by adding f
solidspreventing agents »-Cs alkanes or nomolar liquids which dissolve wit

methane) [14]Fig. 1.4 shows the cryogenic process for, capture.
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Fig. 1.3The principle otthe CQ captureusing cold from LN(
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Fig. 1.£ Cryogenic process for GQapture [14]

1.2.4 Membrane separatior

Membranecan be expressed as a thin film, glassy polymenicroporous
inorganic (e.g. zeolite), nonporous, cera liquid or metal materia [15, 16].

Membrane is used to separate the desired fluithe differences of the molecular si

4



solubilities and diffusivitie. The general membrane process is shown in Fig.Thé
feed mixture is separatedto two streams: retentate (the feed that canaes phrougl
the membrane) and permeate (the feed that carthpasgh the membrane). The swe

e.g. gas or liquid, is used to sweep the permr

Feed mixture

Retentate

Membrane
N N

Permeate

Sweep

Fig. 1.E The general membrane process

Due to compacequipment, low energy consumption, simple operadiod low cost o
equipment [17, 18]membraneseparation technologies have beetmoduced for ga
separation over one and half deci [17]. Gas separation technology using memb
has widely applied to many industries such as patibn of I, in steam reformin
process from natural gas, separation ok in the chemical or power plai, enrich Q
in air. Based on material, the types of membramaeste roughlyclassifiec into 2 basic

categoriessolid (well known as polymers) and liqu

1.2.4.1 Solid membrane (polymeric membrane)

Currently, the solid polymeric membrane has beed digr C(, sequestration in
many industries due to the prompt technology, nditemhal reagents, modere
conditions (temperature and pressure) and-lasting. The list of polymers used

membranes and their properties is shown in Tall



Table 1.1Polymers used in membranes and their prop

Polymer Type Representative repeat L Tg (°C)
Polyarylate Rubber ,;;=_JL_©JL* 260
|, 7
He.(l: o)
Polycarbonate Glassy @?Q—o—g—o% 1501
H,C "
— O O
& o
Polyimide Glassy Mol M, Q N 310-365!
T T o
— (@] (@] n
———CH, o %
Polyisoprene Rubber oy " -70[8]
H,C
CH, o)
Polysulfone Glassy @l@o@!@ 190!
L U
H [16]
Polystyrene Glassy Q | 74-110




Table 1.2 expresses the permeability o, @Q:02) through solid and liquid membranes.
From Table 1.2, the solid membranes present theplenmeability of CQ@ than that of
liquid membranes. However, the dominant advantdgeotymeric membranes is the

long durations of the membrane life, around 3-5y§2a1].

Table 1.2Comparisonsof C@permeability between solid and liquid membranes

Membranes Feed pressure Temperature Qeoz
(atm) (K) (Barrer*)

Polyimides (mtBuCat-DMOB}"" 1 303.15 7
Polycarbonate (PG} 1 308.15 6
Poly(ethylene oxide) (PEG)” 4.40 308.15 13
Polysulfones (PSF}” 1 308.15 6
Poly(dimethy! siloxane)(PDMS3? 0.53 298.15 2850
Matrimid®5218!* 34.05 308.15 10
6FDA—1,5-NDA* 9.87 308.15 23
6FDA-durene/mPDA(50:505 9.87 308.15 85
Amine liquid (DGA 50wt%/TEG 1 293.15-298.15 20
50wt%) 2

Amine liquid (PZ)* 0.001 298.15 24750
Amine liquid (MEA 50wt%/TEG 1 298.15 20902
50wt%)2°!

lonic liquid [emim][BR] 1#” 1.21 303.15 189
lonic liquid [bmim][BF,] ?” 1.21 303.15 200
lonic liquid [bmim][dca]t*” 1.21 303.15 199
lonic liquid [bmim][OTf] #” 1.21 303.15 205
lonic liquid [emim][TfN] @ 1.1 303.15 1702
lonic liquid [bmim][TfN] #7 1.21 303.15 349
lonic liquid [hmim][TfN] %8 1.1 303.15 1136
lonic liquid [bmim][PF] ¢/ 1.21 303.15 121
lonic liquid [bmim][B(CN),] ** 2 308.15 1778

Note - *barrer = 18°%cm’(STP)cm crif s*cmHg*

1.2.4.2 Liquid membrane

In general, permeation of gases through a densereporous membrane can be
described by solution-diffusivity mechanism whiahstly proposed by Graham [30].
Those gases are separated by their difference lobibty and diffusivity. A liquid

membrane can be treated as a dense membrane. @tlisumism can be used to derive
7



suitable transport equation for membrane separabibrdialysis, reverse 0smosis,
pervaporation and gas separation [31]. Basicallg, ttansportation of gas through a
non-porous membrane is described into five stepp [3

1.) Gas diffuses through the boundary layer at the $adel

2.) Gas dissolves into the membrane phase.

3.) Gas diffuses down like a nonlinear concentratioadgmt. This step is the

slowest and can be judged as the rate-determitepg s

4.) Gas desorps from the membrane phase at the pergigate

5.) Gas diffuses out from the boundary layer of thermate side.
The partial pressure difference between the feeldtlae permeate side act as a driving

force. The solution-diffusion mechanism is showikig. 1.6.
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Fig. 1.6 Schematic of gas permeation across membranes loassdlutior-diffusion

mechanism

Permeability of gas is controlled kboth the solubility of the gas in tl
membrane material and the diffusivity of gas thin the membrane material. T
relationship between permeability, solubility, addfusivity can be described t

following equation:
Q=CD (1.1)

where Q, C and D mean permeability coefficient icm*(STP)cmcm? st cmHg?,
solubility coefficient incm*(STP)cm® cmHg® and diffusion coefficient incn? s*,

respectively.



Normally, the types of liquid membrane can be did into two main types:
with and without supports. In the case of the ligjonembranes that require the supports,
three types are found: immobilized liquid membran@sM), supported liquid
membranes (SLM), and contained liquid membranesM)CEor the liquid membranes
without supports can be separated into two suletras: bulk liquid membrane (BLM)
and emulsion liquid membrane (ELM). The explanatiohthe principle of each liquid

membrane are given below. All types of liquid meam& configurations are shown in
Fig. 1.7.
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Liquid membranes

/\

Liquid membranes Liquid membranes
without supports employing supports

M Acceptor phase Support Donor phase
(feed, retentate)

(permeate) o

o
9 Liquid
Donor phase Acceptor phase
{feed, retentate) (permeate)
Bulk Liquid Emulsion Liquid Immobilized Liquid Supported Liquid Contained Liquid
Membrane - BLM Membrane - ELM Membrane - ILM Membrane - SLM Membrane - CLM

Fig. 1.7 Liquid membrane configurations [33]
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(a) Immobilized liquid membranes (ILM)

Immobilized liquid membrane (ILM) consists of suppand liquid, which is
selective to a specific target. Normally, the Iajis supported in small pores and is kept
there by capillary forces. There are many kinds pafrous polymer such as
polyvinylidene fluoride, cellulose acetate, micromas polypropylene, polyvinyl
chloride and so on [12]. ILMs can be used in indakscale to separate or recovery gas.
In addition, this method is play an important rteassist environment such as volatile
organic compound (VOC) separation for gas streaptuce acid gas e.g. G8Q, and
H.S, and recovery and enrichment of biohydrogen 354,

Advantages.

* High permeability
* High selectivity

Disadvantages.

* Loss of solvent and loss or deactivation of camlige to solubility,
osmotic flow of water across membrane and a pressifferential across
the membrane

» Limitation of stability and life time

(b) Supported liquid membrane (SLM)

Supported liquid membrane (SLM) composes of aramigsolution adsorbed
onto a microporous supported membrane. SLMs arg faseseparation two solutions:
1.) contained the permeating ions (feed solutiorg a.) free of these ions (stripping
solution). The ions transportation through the memé takes place when a chemical
potential gradient is established between the telatisns. This type of LM is the
useful method for the separation of costly compoangolvent extraction. Moreover,
SLM is widely used in pollutant separation from g@ass or liquid solvent that the
mainly metal ions are not required [36]

Advantages:

» High fluxes and especially selective separations
* Small quantities of potentially expensive carrians required

« Low capital, operating, and energy costs
12



Disadvantages.
» Lack of long term membrane stability

» Carrier loss to the feed or the receiving phases

(c) Contained liquid membrane (CLM)

There are two configurations of contained liquiegmbrane (CLM): 1.) CLM
which requires two glass cell compartments for sspey extraction and stripping
phase and 2.) hollow fiber contained liquid membr@AFCLM) configuration, but the
principle of both CLM and HFCLM is similar. CLM camises of the liquid solution,
which sandwiched between two microporous membrafes.extraction and stripping
phase are separated by CLM. Any liquid solutiort kosthe gas streams during the
operation, it is automatically replaced from a ildjumembrane reservoir. The
employment of this system is to separate metal fom$ aqueous solution such as
recovery copper, zinc and uranium from water anaeion strontium ion from sea
water [37, 38]. This method can also use for orga@mxiraction from aqueous solutions
such as phenols or citric acid [38]. Moreover, ancbe applied for gas separation:
CO,/N3, CHY/CO,, SGQ/CO,/N, and others.

Advantages.

* Membrane stability is longer than ILM

 Liquid solution replenishment is automatic and easy

» Low ratio of organic/aqueous phase

» Higher surface area per unit contactor volume

Disadvantages:

* Very hydrophobic membrane solvents are requirgddmtain integrity

» This system must be cleaned between uses or thikreewaqueous and
contaminant buildup

» Easy for pore fouling

* High capital costs

13



(d) Bulk liquid membrane (BLM)

Bulk liquid membrane (BLM) consists of three plasdonor, receiving and
membrane phase. The donor and receiving phasessegarated by immiscible
membrane phase. This system is required a deviuehws constructed in U-type or H-
type hinging on the density of the solvent [39]e$é& devices are used to confine bulk
volumes of organic liquids between donor and rangivwhase. This technique is
helpful for treatment of contaminated the aguedusams from metal ions: mercury,
cobalt, cadmium, chromium etc [39-42].

Advantages.

* Lower sample manipulation and lower time needed dample pre-
treatment
* The simplest design for performing liquid membranecesses
Disadvantage:

* Require large amount of carrier relative to theeile area

(e) Emulsion liquid membrane (ELM)
The principle of ELM is described in this secti@LM consists of three phases
(i.e. water/oil/water). The oil phase behaves likenembrane between the external
(donor) and the internal (receiving) phase. Fedudtisn is at the external phase whereas
the extracted solution is in the internal phasee EbM is great technique for recovery
and removal of many types of heavy metals suchrasium, copper, zinc, nickel, and
cadmium [43, 44]. Furthermore, it can use in bibtedtogy and pharmaceutical
separations. This technique can apply for indUsivastewaters treatment containing a
broad range of toxic contaminants such as phehtwr@phenol, and nitrophenol [44].
Advantages:
* Low energy consumption when compared to other séiparprocesses
» High efficiency due to large surface area availdbienass transfer
» High selectivity when carrier agents are used enrttembrane phase that
binds with target compounds

Disadvantages:
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* The swelling of the system can occur because weesports from the
external to the internal phase resulting in a deswein the degree of
concentration of the solute achieved inside the brane

» The emulsion requires the stable and it is eatydak down

The CQ permeations through liquid membrane have been figated since
1967 by Enns et al [45]. The membrane was manukedtby carbonic anhydrase
soaked in a Millipore filter. Otto et al [46] stedi the facilitated transport of GQsing
bicarbonate solution liquid membrane in order tgrove the heterogeneous of the
medium. Amine solutions became the attractive smistfor CQ removal from natural
gas stream because of high solubility of £Z@expensive chemicals, easy for waste
disposal and a lot of number trust in chemical sides. Hence, a number of
researchers [24-26, 47-49] have delved into thdicgtipn of amine solution for liquid
membrane. Amine solutions can be applied with sguwgpes of membrane modules
such as flat and hollow fiber. Moreover, pure, amge and mixed amine liquid
membranes have been applied for ;,C&&paration as well. Gorji et al [25] have
determined C@H, separation by facilitated transport membranes ibilzed with
aqueous single and mixed amine solutions: monoetaanne (MEA), diethanolamine
(DEA), monoprotonated ethylenediamine (EDAMNd piperazine (PZ). Among these
amine aqueous solutions, PZ showed the highestp€neation rate. In addition, the
viscosity of mixed amine solution also affects @€, permeability. I1to et al [24]
studied the permeation of wet @OH, mixed gas through diglycolamine (DGA)
ortriethylene glycol (TEG) hydrophobic microporoilest sheet membrane. The results
suggested that DGA  solution impregnated  with hyHiogreated
polytetrafluoroethylene (PTFE) microporous membramas successful for GO
separation. C@permeability was 30-100 Barrer and the f{IM, separation factor of
40-100. Gong et al. [47] have investigated the ,C€&moval using
methyldiethanolamine/monoethanolamine (MDEA/MEAue@qus solutions through a
hollow fiber membrane module. It was found that #éfssorption flux and fractional
removal enhanced with increasing amount of MEA lwe tMDEA/MEA aqueous

solution. Paul et al [48, 49] studied g8eparation by single and blended aqueous
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alkanolamine solvents: monoethanolamine (MEA), hdiablamine (DEA), N-
methyldiethanolamine (MDEA) and 2-amino-2-methypbpanol (AMP) in hollow
fiber and flat sheet membrane. Their results stypomglicated that the performance of
flat sheet membrane contactor is better than thiavkdw fiber membrane contactor for
consideration only the absorption flux of £i@ the amines.

Amine liquid membranes achieve the goal to capt€ from mixed gas.
However, oxidative degradation, toxicity and vd&brganic compound are still the big
disadvantages of amine solution. To improve the, G@&guestration, the required
material should be green chemical, non-volatilitg atrong affinity with CQ One of
the candidates is ionic liquid. The general desionpand basic properties of ionic
liquids are interpreted in next section.

Up to this section, the general description of phieciple of CQ separation of
classical method has already mentioned. The sumafagvantages and disadvantages

of CO, separation technology are shown in Table 1.3.
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Table 1.3Advantages and disadvantages of,G€questration methods

f

e

Methods Advantages Disadvantages
Adsorption * Ripe technology e Low capacity of sorbents
* Flexibility * High contaminants
* Fully automated operation  « High energy consumption
of the process » Large footprint
Absorption * Ripe technology * High energy consumption
* Cheap, easily available, e High capital and
and tunable of solvent operational costs
(amine) » Large footprint
* Evaporation of amine int
gas stream
* Required large amount ¢
solvent
Cryogenic * Ripe technology » Complicated operation
* COy, Nz and HO can be » High cost of heat exchangs
separated in different parts « Take long time to reach th
of the process required condition
* No loss of CQ latent heat * High energy consumption
of fusion
Membrane
-Solid e Simple operation e Low permeability of CQ
e« Compact
* Long membrane life
-Liquid

Simple operation
Compact

High permeability of CQ@

Short

evaporation of liquid

durability due tg
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(f) lonic liquid membrane

lonic liquid isa kind of molten salt at room temperature whichtams bulky
and asymmetric organication and inorganic or organic anion. lonic liquid w
discovered since 1914 by Welt[50]. In 1970s, Wilkes innovated nuclear warhe
batteries and the space probes using some moltsrbsathe big problem was that t
heat from such molten salts was able to destroyethepmeni[51]. Therefore, ionic
liquid was introduced to use as an electrolyt« batteries bcause it still maintains tt
liquid state at room temperati and high thermal conductivityn addition, ionic liquids

were employed for many applications as shown in Ei§ [50].

Making new
materials

Removal of metal Conducting heat
ions effectively

Supporting Replacing with
enzyme-catalyzed volatile organic
reactions L solvents
Applications
of ionic
liquids

Biological
reactions media

Homogeneous
and
heterogeneous
catalysis
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lonic liquids have promoted to apply in the £&@paration process, due to the

great solubility of CQinto the ionic liquids [52], green chemistry argbteric solvents

[53], high thermal stability, very low vapor pressiy54], non-flamable, renewable and

reusable [55]. Therefore, ionic liquid was clagsifias a new alternative chemical for

CO, sequestration. Some examples of chemical structfremic liquids are shown in

Fig. 1.9. Table 1.4 shows physical properties eséhionic liquids.
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Fig. 1.9Chemical structures of (a) cation and (b) anidnsmc liquids in this study
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Table 1.4Physical properties of ionic liquids in this stuaty303.15 K

Short name IUPAC name M (g mol?) Tm (K) o (g cni®) n (cP)

[emim][BF4] 1-ethtyl-3-methylimidazolium 197.97 279.15¢ 1.28+* > 37+
tetrafluoroborate

[bmim][BF,] 1-butyl-3-methylimidazolium 226.02 191.15¢ 1.2 751°71
tetrafluoroborate

[bmim][PRy] 1-butyl-3-methylimidazolium 284.18 283.15" 1.37%% 182>
hexafluorophosphate

[bmim][Tf,N] 1-butyl-3-methylimidazolium 419.36 270.15 1.43%% 40>
bis(trifluoromethylsulfonyl)imide

[bmim][OTf] 1-butyl-3-methylimidazolium 288.29 289.15¢ 1.29!°8 6314
trifluoromethanesulfonate

[omim][dca] 1-butyl-3- 205.26 267.157 1.06!%4 2481

methylimidazoliumdicyanamide

*At293.15 K

20



The use of ionic liquid with supported membranes ktarted since 2002 by
Branco et al [62]. They applied ionic liquid to mgghilic polyvinylidine fluoride

(PVDF) membrane in order to recover the liquid oiggompounds.

In the same year, the attempt to study on gasratma using ionic liquid
assisted with the supported membrane was investigat Scovazzo et al [62, 63]. Gas
separations of COfrom air, mixed gas including Nand CH using supported ionic
liguid membrane were reported [63, 64]. The firshegration of anion species of ionic
liquid for using as liquid membranes consist oL NJf, [PR], [CI]’, [OTf]". Neves et al
[52] examined gas permeation both pure and mixedo§&Q/N, and CQ/CH, using
ionic liquids and the flat type of hydrophobic amglbrophilic PVDF membranes. The
stability of the hydrophobic membrane is highemthizat of the hydrophilic. The ionic
liquid membrane duration was successful over 108 @@5]. Kim et al [66] inspected
the mechanism of the gas permeation by varyingpttessure. They found that the
permeability of gas by the facilitated transportswat 0.30 atm or less, whereas

solution-diffusion theory took place at over 0.3tha

There are several methods to improve the effigieafcCO, separation through
ionic liquid membranes such as the change of thenbn@ne preparation and the
addition of water in the separation system. Chenl §29] studied a new membrane
preparation by blending of PVDF powders with ro@mperature ionic liquid (RTIL),
[emim][B(CN)4]. The ratios of PVDF-RTIL were varied. The resuttgply that their
membrane preparation method was more successhbamsé of miscible ionic liquid
based blends. The ratio of PVDF-RTIL (1 : 2) gabe highest C@ single gas

permeability and selectivity. Li et al [1] reportedat a new material for GIN,
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separation process is the use of poly(RTIL)-RTImposites. Two types of composites
I.e. poly([vbim][dca])-[emim][dca] (1 : 2) and pdlybim][dca])-[emim][B(CN)] (1 :
2) shows the best G, mixed gas separation performance. The attempeteldp
the CQ separation efficiency has not only the adjustmenioaic liquid species,
membrane materials and liquid membrane preparaterhnique, but also the
reconsideration of water in the system. Other mebeas [67] have examined the
additional water in amino acid ionic liquid membeahe results pointed out that the
great CQ permeability from C@N, pairs gas was obtained from
tetrabutylphosphonium proline membrane. Hence, ptesence of water has a vital
influence on the permeability of GO

From overall point of view, to deeply understane thole process of GO
separation using ionic liquid membrane, the impdrtaperating conditions which
considerably affect COpermeability should be clearly investigated by meé both
actual experimental and simulation. Thus, this atisgion would like to report both
experimental and simulated results in order torektiae knowledge of such separation
process with focusing on ionic liquid membrane.tk@&more, these results would be
useful not only for research and academic arealsotfor pilot plant construction as a

preliminary direction guide as well.

1.3 Objectives of this research
1.) Preliminary study of C@recovery from air using amine/glycol solution as a

liquid membrane.
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2.) Study the effect of temperature and anion spece€£@; permeabilities and
selectivities through ionic liquid membrane andcdss based on solution-
diffusion theory.

3.) Investigate the operating conditions: pressure, C@hcentration, total flow
rate at feed stream that affect £@ermeabilities and selectivities, using
facilitated transport to explain the phenomena.

4.) Determine the impact of the presence of water mcidiquid membranes on
CO, permeabilities through ionic liquid membrane amteipret in term of
permeation mechanism.

5.) Designs the membrane area, estimate the reducfiomemnbrane size and
predict the C@concentration at permeate side in order to appiytie CQ

separation process.

1.4 Contents of dissertation

Chapter 2 talks about the preliminary study of,G@rmeability mechanism
through liqguid membrane using amine mixed with glysolution with the flat type of
membrane module. GAs removed from air with the starting concentnatoé 400 ppm.
Amine used in this study is diglycolamine (DGA). €Tlglycols consist of ethylene
glycol (EG), triethyleneglycol (TEG), polyethylenglycol 200 (PEG200) and
polyethylene glycol 400 (PEG400). The membrane lllitg amine concentration and
molecular structures of the amine components arestigated in terms of the GO

concentration ratio.
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Effects of temperatures and anion species of ibgicd on CQ permeabilities
and selectivity are investigated. Six species ofido liquid: 1-ethtyl-3-
methylimidazolium tetrafluoroborate ([emim][&;, 1-butyl-3-methylimidazolium
tetrafluoroborate ([bmim][BH), 1-butyl-3-methylimidazolium
bis(trifluoromethylsulfonyl)imide  ([omim][T4N]), 1-butyl-3-methylimidazolium
hexafluorophosphate ([omim][EJf, 1-butyl-3-methylimidazolium
trifluoromethanesulfonate ([bmim][OTH]) and 1-bugdmethylimidazolium
dicyanamide ([bmim][dca]) are used in this studyeTmicroporous polyvinylidene
fluoride (PVDF) and polytetrafluoroethylene (PTFEembranes are tested for the
appropriate gel structure with the ionic liquidieTCQ permeabilities are discussed by
solution-diffusion theory. All of these are presshtn Chapter 3.

Chapter 4 focuses on total pressure difference, €@@centration and total feed
flow rate of the mixed gas G, resulting in CQ permeability and selectivity. Our
main material for this section is two species ohig¢oliquids: [bmim][Pk] and
[bmim][Tf,N], which give the lowest and highest €@ermeabilities, respectively.
Temperature was kept constant at 313.15 K for apesments. Total pressure
difference is changed from 0.05 to 0.21 atm.,@Glume fraction is varied from 0.3 to
0.5. Feed flow rates of the mixed gas are 100 @@l 8l min'. CO, permeation is
explained by facilitated transport.

CO;, permeabilities through ionic liquid membrane witle presence of water
vapor are examined in Chapter 5. This Chapterwsis [bmim][PEand [bmim][TfN]
as the liquid membranes. The experimental restltseo CQ permeabilities obtained
from dry feed stream in Chapter 3 are compared tWighresults in this Chapter. The

effects of water vapor at feed and permeate sidé@npermeabilities are discussed in
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term of the permeation mechanism based on theisoldiffusion theory. The water

permeabilities are also examined.

In order to reduce the investment cost of,@&noval process using ionic liquid
membrane in the real industries, the computatiemalilation is always necessary to be
performed before starting construction of remowvakpss unit. In simulation step, there
are also, however, still need some input data faatoal experiment. It is well known
that such input data play a key effect on,@®@rmeabilities demonstrated in Chapters 3
to 5. Typically, these input data are experimentalbtained by varying certain
parameters, for example, temperature, pressure, d@@centration, anion species of
ionic liquid, and total flow rate at feed side. Gequently, the required membrane area,
the percent reduction of membrane size as welhgget amount of COat permeate
side shown in Chapter 6, are predicted by the neéaomputational simulation using
the as-mentioned input data. By this mean, an lmgigderstanding in C{Oseparation
process would be developed with a one-step prodoesspractical implementation for

real industries in the near future.

Overall results of each Chapter are summarized imap&r 7. The
recommendation points for future study are disalisse

The overall content of dissertation is illustratedrig. 1.10
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Chapter 2

Preliminary study of CO, recovery process from air through

amine/glycol liquid membranes

2.1 Statement of problem and objectives

To preliminary study the CQeparation process through liquid membranes, the
use of amine/glycol as the liquid impregnated witicroporous membrane is quite
attractive. Since amine is a well-known chemicaldapture C@Qemissions from power
plants and factories. Novel separation processeseapected to be developed in
addition to the conventional absorption processigusiqueous amines. A membrane
process is counted on a new separation proces€@prcapture from flue gases,
especially a liquid membrane with amines becausts diigh selectivity for the C{gas.
Another application field of COmembrane separation exists, that is removing CO
from the air and utilizing it. Because the £&ncentration in atmospheric air is 400
ppm or 0.04%, C@ separation based on a facilitated transport mesimmas an
advantage for this application. If an energy-effectnembrane process is developed for
CO, removal from air, the captured @Qvill be used for the forced culture of

vegetables or strawberries in greenhouses.

In this study, the amine liquid membranes withioias glycol compounds were
used for the C@separation from atmospheric air [26]. £€énhriched air was made by a
membrane process using a flat membrane moduleanigimine-liquid membrane. The
liquid membrane durability, amine concentration amolecular structures of the amine

components on the G@ermeabilities were investigated.
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2.2 Experimental

2.2.1 Liquid membrane and membrane preparation

The composition of the liquid membrane was a togamine dissolved in liquid
glycol. The amine component was mainly diglycolaan{iDdGA), and the glycols were
ethylene glycol (EG), triethyleneglycol (TEG), petitylene glycol 200 (PEG200) and
polyethylene glycol 400 (PEG400). All chemicals weurchased from Wako Pure
Chemical Industries, Ltd., Japan. A liquid membram@s made by soaking a thin
microporous membrane in the amine/glycol mixtureisTiquid-supporting membrane
was a polytetrafluoroethylene (PTFE) microporouseshgth a nominal thickness of 2
pm and a porosity of 80%, which was made hydrophalictreatment with polyvinyl
alcohol as a surfactant [68]. The amine/glycol mm&t easily penetrated into the
microporous sheet. The thickness of the liquid memé could be estimated from the
liquid amount held in the sheet. For example, whdng of the liquid was applied, the
liquid membrane thickness was [ifh.

The liquid membrane was placed on a hydrophobaroporous membrane with
a 0.2 ym pore size and 9um thickness (Durapel membrane, Millipore). The
amine/glycol liquid with a high surface tension wagoported on the surface of the
hydrophobic membrane under a transmembrane pressurdition because of the
repellency of the membrane material to the liqdidis construction allows the liquid
membrane to undergo vacuum-mode permeation [69. tdp surface of the liquid
layer was then covered by a PTFE microporous memebnath a 0.5um pore size and

35 pm thickness. This sheet also repels the membrauedli The top of the cover
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membrane faced the room air flow. Th-layered construction of the liquid membre
will make the liquidmembran thin with a uniform thickness.

The body of a flamembran module wasnade of a polypropylene (PP) porc
plate and an aluminum frame. The porous |was used to minimize the pressure |
of the permeate sideofi. The liquid membrane was placed on of the plate an kept
in a horizontal position. The membrane area was cnt (25.5 cmx 25.5 cm). The
details of the membrane module w described in our previous report for f
dehumidification of air{C]. The chemical structure of microporouembrane, amine

and glycol solutions are shown in Fig. .
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A schematicdiagran of the experimental apparatus for {6€, recovery from
air is shown in Fig. 2.2. One perme-side port of themembrane module w:
connected to a diaphragm vacuum p (DP-12, ULVAC Corp.Japan The sweep air
flowed through thepermeate side fro an intake port at thediv rate ofFF, The
permeateside of the liguid membrane was evacuated usinig@hchgn vacuum pump
at the pressurgy,. The permeate side presst were 5.315.8 cmHg, whic depended
on the sweep airdiv rate,F,. The permeate-side pressupg) (slightly changed fron
the inlet to theoutlet, for example, 17.3 cmHg inlet and 13.5 cmHg the outlet due
to the pressure loss through the pernm-side path. The average valuas used fop,
in this study. The air dw rate at the permeate sidg,, was treate as a constant,

because of the smalkrmeatio rate of the air and GO

=

e / Microporous PTFE membrane (§=2 um)

Cover membrane (microporous PTFE) (8=35 pum)

CYELOVELEYELOS: - Amine liquid (5 =10 ~20 pm)

\ Hydrophobic microporous membrane (Durapel)(6=95 um) /

S

3-layer liquid membrane

CO, meter for outlet air
CO, meter for air Yo |

Flow meter

L[]

# S SR Vacuum pump
Pp Water vapor trap

Sweep air
Fp — D>

Porous plate

Fig. 2.2The membrane construction and CO, recovery apparatt
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Because the present hydrophilic liquid membranddcallow water vapor in the
air to simultaneously permeate, a water vaporwag used to remove it from the outlet
air before measuring the G@oncentrationy,. The CQ concentrations in the air and
the outlet sweep air were monitored by Ltansmitters (GMT220, Vaisala Oyj,
Finland). The experimental conditions were roomgerature, 297.15 to 299.15 K, 40
to 60 %RH humidity and atmospheric pressgeThe humidity in the air was proven
to have a negligible effect on the g@ermeability of the DGA liquid [24] under
ambient conditions. All the permeation tests fdfedent mixed liquids were conducted
over 24 h, and the GQOconcentration results were averaged over thisogerihe
absorption equilibrium was also measured betweerathine liquid and Cfat a 400
ppm concentration. The absorption amount of,@@s measured using a magnetic
suspension balance (FMS-LP, RUBOTHERM, Germanyg Viscosities of the liquid

mixtures were measured by a vibro viscometer (SVAKD Company, Ltd.).

2.2.2 CQ recovery process from air

Fig. 2.3 is a schematic explanation of the pre§&trecovery process from air.
The concentration of CQn air, x, was about a 0.0004 mole fraction. When the sweep
air flow wasF, = 1 L miri* = 682 x 10° mol s, the permeate-side pressysg,was 15
cmHg. Under this typical condition, the permeatiate of CQwas 0.55 x 17 mol s.
On the other hand, the air permeation rate thrahghiquid membrane was 0.34 x40
mol s*. At the outlet of the vacuum pump, the total GOw rate was 0.82 x I& mol
st in the outlet air angl, = 0.0012. This means that the £S&ncentration ratioyf/x) is

3. The maximum attainable concentration ratio v&@lch the pressure ratio @fp, = 5.
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This process had a 8®efficiency for C(, recovery compared to a process with

infinite membrane area.

Room air

x=0.0004
% p: =75 cmHg

. e

E : p, = 15 cmHg ! :

i 1C0O, 0.55 Air 0.34 i :

: \ T & : :

Sweep air ! ! : ;

Fo 682 ! Four | E
CO, L— : Ol Focoz ' 082 : /

027! ! - ;
Flow rate [x 10 mol s ¥p=0.0012

Fig. 2.3 Flow of air andCC; through the membrane modulé£ 1 L mint = 682 x
10°mol sh)

2.2.3 Determinationof CO, permeability

In our membrane module, the thickness of the litmembrane J, could be
calculated from the amount of applied lig Using the membrane thickness, area
partial pressures acrod®e membrane, the gas permeability was definedeatichatec
asa characteristic of the membrane liquid. A modétwdatior wasused for estimatio
of the permeability of C@through the amine liquid membrar@s;o,, as follows

The CQ flow rate on the permeate sitFycoz is described bthe permeability

Qcoz and the partial pressure differer

deCOZ — Qcoz

A 5 (xpf - ypp) (2.1)
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F pco2

y=—-— (2.2)
I:pAir + I:pCOZ

whereFpair is the flow rate of the sweep air on the permsade. A is the membrane
area in crf, andQcoz is the permeability of COn cm(STP)cm crif st cmHg* x andy

are the feed and permeate-side ,®@le fractions, respectively; and p, are the
pressure on the feed (atmospheric pressure) amidepé sides in cmHg, respectively.
Integration of Eqg. (2.1) fromA = O (inlet) to A = Ay (outlet) results in the CO
concentration in the outlet aiy,. Qco2 for a liquid membrane can be estimated as a
fitted value to an experimental resultygf Once the permeability of a liquid membrane
is assigned, the model will predict the separgberiormance of the process under other

operating conditions.
2.3 Results and discussion

2.3.1 CQ concentration in the sweep air

The experimental results for a liquid membraneD&@A 50%/TEG (19um
thickness) are shown in Fig. 2.4a. When the ave@@econcentration in the ambient
air was 0.00042 in mole fraction, the €@oncentration in the outlet aiy,, was
0.00123 atF, = 1 L min*. The CQ concentrationy,, increased with the decreasing
sweep air flow ratef,, because the Gpermeation rate was not significantly changed
by the air flow rate.

The solid line stands for the permeability@dfo,= 1.8 x 10°cm*(STP)cm crif
s'cmHg®. This permeability value for the liquid membrasegreater than that of the

polymer membranes, for example, a silicone rubbembrane Qco, = 1.5 x 107
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cm’*(STP)cm crif s* cmHg?). On the other hand, based on another air perareati
measurement, the permeability of air through tgeitl membrane was determined to be
4.33 x10* cm®*(STP)cm cnif s* cmHgh. The separation factor of G@ver air was
4100 for the DGA 50%/TEG liquid membrane.

The dashed line in Fig. 2.4a is the calculatiarafo infinite membrane areA €
). Our membrane module witly = 650 cnf attained over a 60% performance for a
maximum CQ recovery due to the high G@ermeability through the amine liquid
membrane.

Fig. 2.4b presents the enhancement of pressungerabeate side with the
increase in sweep air flow rate.

Fig. 2.4c shows the GOrecovery rate of the proceds;(y,—x). The present
membrane process showed a 0.08 g-®® recovery from air. For comparison, the
electric power of the vacuum pump, 30 W, correspand12 g-CQ h™ emission. The
absolute efficiency of the COrecovery from air was still low using the present

membrane process.
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Fig. 25 shows other experimental results where the < air was replaced wit
pure N gas of zero C®concentration. Comparei the data in Fig2.4a, the CQ@
concentrationy,, was reduce by 0.0004 over the whole range, which containec in
the inlet sweep air. Theorrelated rest with the same permedity as Fig. 2.4a also

agrees with the experimental resi

0.006 [
Sweep gas: N,

0005 | © x=0
0.004 |
0003 |

[ Correlation

0002 |

0.001

CO, concentration, y,, {mole frac.)

0 [ L Il L Il L Il L Il L
0 0.2 0.4 0.6 0.8 1

Sweep gas (N,) flow rate, Fp (L min?)
Fig. 2.5CQO, concentration in the outlet flow with nitrogen agegp gas at tl permeate

side for DGA 50%/TEG liquid membrand = 19um, T = 297.15 to 299.15 K

Because a liquid membraiinherently has a limited lifetimehe durability of
the amine/glycol liquid membranes was exam with different components. Thre
kinds of liquids were used 1 a long run time, which were DGA/EG (50:50 wt¢
DGA/PEG400(82:18 wt%) and MEA/PEG400 (50: wt%) mixtures. The resu are

shown in Fig. & for the CG concentration ratioyf/x) versusoperating time. Th
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liquid membranes with PEG400 as the sol showed no air leak for over 10 de
because it is a novslatile solver with a boiling point Ty) of 523.15K. However, the
CO, separatiorperformance of MEA/PEG400 decreased within 24 hclvivas due to
the vaporization of the volatile MEA liquid wifT, = 444.15 K.When the volatile EC
(T, = 470.15 K was used for the solvent, liquid membranevas only durable for 2
h. The liquid mixture oboth relatively no-volatile components, DGAT, = 493.15
K)/PEG400, showed a durability of over 10 days and retained GC, separation
performance. A slightly decreasing », concentration ratio may battributed to the

partial vaporization or degradation of the Dt

DGAS0%/EG50%

DGA82%/PEG400 18%

MEAS0% /PEG400 50%

CO, concentration ratio

350-410 ppm-CO,in air

D L L 1 L L L I L L L
0 20 40 60 &0 100 120 140 160 180 200 220 240

Permeation time (h)

Fig. 2.6Durability of the liquid membraned = 19um, p =15 cmHgF, =1L min’,

T =297.15 to 299.15 K).
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2.3.2 Effect of amine components

The ability for CQ capture by an amine liquid varies with its chermsteucture
[71]. Alkanolamines other than DGA were used in ligeid membrane with a 50%
TEG solution. Fig. 2.7 shows the g@oncentration ratio in the module outlet air and
the resulting permeability for liquid membranes hwiifferent amine species. The
primary amines, monoethanolamine and 3-amino-lamol provided a high CO
permeability comparable to that of DGA. The secoyn@ad tertiary amines had a lower
CO, permeability. In the additional tests, an aminial gglycine) solution also shows a
rather high permeability for GQthe result of which is similar to that reporteg b

Matsumiya et al [72].
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Fig. 2.7 Permeability of C(; through amine liquid membranes of 50 wt% solt in
TEG (= 18-20um, Fp = 1 L mir?, x = 0.0004,T = 296.15 to 299.15 ), (Ala)
monoethanolamin€Alb) 3-amino-1-propanol, (Alc) diglycolaminfAld) Z-amino-2-
methyl-1-propanol(A2) diethanolamine, (A3) -t-butyldiethanolamine, (AA) glycin

(glycine 50%/potassium hydroxide 50'

An extensive study of various aqueous alkanolaminae beer reported on the

CO, absorption/desorption propert [71]. Their experimental results show that the,
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loading capacity and absorption rate of the alkamihes were in the order of primary
alkanolamines > secondary alkanolamines > tertskgnolamines. Our permeability
results showed a similar trend, which means that @Q loading capacity and

absorption rate determine the permeability of anioqned membranes.

2.3.3 Correlation consideration for CQ permeability
A basic equation for the permeability through a-ponous membrane is the

solution-diffusion mechanism:

Q=CD (2.3)

where Q is the permeability coefficient in ¢STP)cm crf s* cmHg!, C is the
solubility coefficient in cri{STP) cn® cmHg*, andD is the diffusion coefficient in
cn’s™. The solubility coefficient and the diffusivity gend on the solubility of the gas
and the viscosity of the membrane material, respaygt The special feature of the
liguid membrane is that these properties are mabkuand could be changed by the
composition.

For the first consideration, the effect of theuld viscosity was examined. By
selecting a glycol component between EG through /IGthe viscosity of liquid
membranes with 50% DGA increased from 30 to 61 mP&he permeation results
using these liquid membranes are shown in Fig.18.8eneral, the diffusion coefficient
of a molecule will be inversely proportional to thguid viscosity. The experimental
results, however, showed that the liquid viscogigd a small effect on the GO

permeability.
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Fig. 2.8 Effect of viscosity of the liquid at98.15 Kon the permeability of C, through

DGA liquid membranes of 50 wt% solution in glyc

For the second consideration, the effect of thalsly of CO, was examined.
Membrane liquids of differerDGA contents, 7 t@8 wt%, in glycols were prepare
while the viscosity of the: liquids were fitted to a nearly constantt®8&B8 mPa s using

theappropriate glycol solvents or mixtures. In F2.9c, the C@sorptior of the liquids
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is shown, which was at equilibrium at 0.0004 Q0@ 76 cmHg N. The CQ sorption
amount was nearly proportional to the DGA masstiacin the liquid. The average
solubility in the amine-mol base was 0.2 mol-4ffol-amine. This solubility is rather
high for a low CQ partial pressure of 400 ppm or 0.003 cmHg. Fi§azand b depicts
the CQ concentration ratio and the calculated permegliit each DGA/glycol liquid
membrane. The permeability increases with the amameentration in the liquid. This
indicates that the COpermeation rate depends on the molar density efaiimine
molecule in the liquid.

Finally, the permeability was compared by the soiudiffusion theory, Eq.
(2.3). The diffusion coefficientD, could be readily estimated by the Wilke-Chang
equation [10]. The association factor in this stwhs unity. The calculated diffusion
coefficient of the DGA molecule in a glycol liguwdth a viscosity of 36 mPa s was=
8.06 x 10’ cn? s*. The solubility coefficient for a 50 wt%-DGA liqliwasC = 670
cm’*(STP) cm® cmHg". These values determine the permeability in thiitisn-
diffusion model ofQ = CD = 5.4 x 10*cm*(STP)cm crifs*cmHg™. The permeability
based on the model is shown in Fig. 2.9b by thehethdine. Compared to the
experimental results (solid line), the correlatiell predicts the dependence on the
amine concentration but fails to predict the ab®olpermeability value. The
permeability data for CQwas 1/100 of that by the correlation. Because thebdity
coefficient was directly measured, the differeneéneen the correlation and the data is
attributed to the uncertain diffusion coefficiemt. the amine-liquid membrane, the
dissolved CQ@ molecule will associate with an amine moleculeaasarrier [73]. The
association of C@and the amine molecule will increase the moleculeight of the

diffusion species and the viscosity of the liquldhese effects, which are phenomena
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specific to facilitated transport, will cause a @sing diffusion coefficient of the

permeate.
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For a further discussion on the facilitated tramgpa more exact correlation
must be considered by including the reaction kasehetween CPand an amine [25,
73]. For example, the permeability of g@rough an aqueous MEA liquid membrane
was reported by Gorji and Kaghazchi [25]. They sgstully predicted the permeability
using a diffusion-reaction analysis based on tlatien rates between G@nd the
amine. Their experimental and predicted permegtslgnificantly depends on the GO
partial pressure. An extrapolation of their £g&rmeability through the aqueous MEA
liquid membrane to our low atmosphere levek 0.0004, was made. The estimated
permeability was compared to that of the MEA/TEG®HIquid membrane in this study
in Table 2.1. In spite of differences in amine camcation and membrane thickness in
these liquid membranes, the €@ermeabilities are similar. This diffusion-reaatio
analysis [25] gives a much better prediction thaa simple solution-diffusion model.
The CQ recovery process from air by the amine liquid memb should be

theoretically treated based on the diffusion-reectinalysis.

Table 2.1 Permeabilities of C@® through supported liquid membranes with

monoethanolamine (MEA) at 298.15 K and 0.03 cmHg-@&tial pressure.

Liquid membrane MEA/Water MEA/TEG (this work)
Membrane thicknesgin) 125 20

Liquid viscosity (mPa s) 1.2 39

MEA concentration (mol 1) 1 8.7

Permeability of CQ 8.9x 10% 2.1x 10°

(cm*(STP)cm cnf st cmHgY)

*Extrapolated from the theoretical value in 0.5418mHg-CQ partial pressure.
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2.4 Conclusions

An amine/glycol mixed liquid membrane was usedtf@ recovery of Cofrom
atmospheric air. A supported liquid membrane ofiglydolamine/triethylene glycol
mixture with a 19 um thickness was sandwiched by hydrophobic micropero
membranes. Using a flat membrane module of thedimembrane, C®in the air was
recovered by vacuum-mode permeation of the swee@@iin the air preferentially
permeated through the liguid membrane and was otrated into the sweep air. The
durability and separation performance of a liquidnmbrane depended on the selection
of the amine and the glycol component. The effetmine concentration and different
amine species were significant on the (@rmeability of the amine—liquid membrane.
The simple solution-diffusion theory for the perrodity predicted the amine-

concentration dependence but the predicted valgsemweh greater than the data.
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Chapter 3
Effects of temperature and anion species on G{permeability and

CO,/N, selectivity through ionic liquid membranes

3.1 Statement of problem and objectives

According to the previous experiment using an a&fgiycol as a liquid
membrane, the experimental results show that theeabased liquid membranes were
successful to capture GOrom air. However, the results of the durabilitgst
demonstrated that the amine liquid membranes wigeetiwe the longest performance
about 10 days because of the vaporization of lignid air. lonic liquids, novel
chemicals for C@ separation process, have been used as a liquidoraeenin this
study. The ionic liquids have been promoted to lie $uperb alternatives for GO
separation process since the unique physical piepesf ionic liquids, such as a low
vapor pressures and miscibility with polar or naap solvents. These excellent
properties especially, the very low vapor is expécto prevent the problem of the
solvent evaporation from the supported liquid meanbr For C@separation process, it
is important to understand the fundamental progertaf ionic liquid and supported

membrane and the major parameters that influence®mpermeability and selectivity.

In this work, two types of porous membranes wested for suitability of liquid
membrane preparation [27]. The effects of tempesaind anion species on €0
permeability through ionic liquid membranes wergoalhvestigated. The permeability
was measured by a sweep gas methdd=a(303.15 to 343.15) K. Six species of ionic
liquids with imidazolium cation were used for thermeability measurements. A
solution-diffusion theory is applied for the dissim of the contributions of solubility
and diffusion coefficients of CQOwith the temperature dependence on the permaabilit
through ionic liquid membranes. The selectivitywesgn CGQ/N, mixed gas with CQ
0.1 volume fraction through the ionic liquid memtea was also determined. The

effects of temperature and anion species on theesaif selectivity were investigated.
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3.2 Experimental

3.2.1 Materials

lonic liquids, 1-ethtyl-3-methylimidazolium tettabroborate ([emim][BH],
95% purity) and 1-butyl-3-methylimidazolium bistmoromethylsulfonyl)imide
([omim][Tf2N], 96% purity) were purchased from Kanto ChemiCal, Inc. The other
types of ionic liquid, 1-butyl-3-methylimidazoliunetrafluoroborate ([bmim][BH,
98% purity), 1-butyl-3-methylimidazolium hexaflugrisosphate ([bmim][Pd, 98%
purity), 1-butyl-3-methylimidazolium trifluoromethasulfonate ([bomim][OTf], 99%
purity) and 1-butyl-3-methylimidazolium dicyanami{femim][dca], 97% purity) were
purchased from Wako Pure Chemical Industries, Ttee porous polymer membrane,
hydrophobic polyvinylidene fluoride (PVDF) and ptyrafluoroethylene (PTFE)
membranes with the pore size uéh. also was supplied from Wako Pure Chemical
Industries, Ltd and ADVANTEC Toyo Roshi Kaisha, Ltcespectively. The gases used
in the experiments were carbon dioxide ¢C9@9.95% purity), nitrogen (\ 99.95%
purity) and helium (He, 99.9995% purity) gases wamevided from Kayama Oxygen
Co. Ltd.

3.2.2 lonic liquid membrane preparation

A microporous hydrophobic PVDF membrane with diseneof 5 cm and
membrane area 19.6 émwas placed in a Petri dish. The PVDF membrane was
impregnated with 1 ml of ionic liquid for 30 minig- 3.1 shows PVDF membrane (a)

unprocessed and (b) after impregnation with ioigjgidl.
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Fig. 3.1PVDF membrane (eunprocessed and (b) after impregnatioth [bmim][PF¢]

After the impregnation, the liquid membrane becdraasparent like a gel due to 1
ionic liquid infiltrated into membrane pores. Aftéhe membranewas completely
transparent, the excess ionic lic was carefully removed from the surface of

membrane using soft tissue. To determine the tleiskrof the liquid membrane, t
membrane was weighed before and after impregnatitnionic liquid. The calculatiol

of membrane thickness is proposed a«owing equations:

(3.1)

whered, m, A, andp are membrane thickness in cm, mass membrane area in ¢
and density in g rifl, respectively. The subscript IL means ionic liquitie density dat
of ionic liquid focusedn this work are listed in Table 1.4 in ChaptefThe amount o
ionic liquids and their thickness are listed in [EaB.1
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Table 3.1The used data for calculation and membrane thicknes

lonic liquid m, (9) o (um)
[emim][BF] 0.4060 162
[bmim][BF,] 0.4059 171
[bmim][PF] 0.4087 152
[omim][Tf.N] 0.4860 173
[bmim][OTH] 0.4160 163
[bmim][dca] 0.3343 161

3.2.3 Measurement of CQ permeability
The schematic diagram of the experimental appafau€O, permeability is

shown in Fig. 3.2. Carbon dioxide from a cylindeasasupplied to the feed side of
membrane module at a flow rate 70°amin™. The ionic liquid membrane prepared
above was previously set in the membrane modulenasdplaced in the water bath for
the temperature control. The feed side compartneérithe membrane module was
connected to a pressure gauge. The pressure &dtieside was 92 cmHg for the all
measurements. Nitrogen gas was supplied at thega¢enside of the membrane module
as a sweep gas. The flow rate of Was 100 crhimin™’. The permeate side was at
atmospheric pressure. The mixed gas ob @ N at the permeate side was injected
directly into gas chromatograph (GC) equipped wligrmal conductivity detector. The
compositions of the permeated mixed gas were aedlpy GC. The GC analyses were
conducted every 30 min for 3 h in order to reaghdfuilibrium. The permeate rate of
CO, was obtained from the volume fraction of the migak at the permeate side

analyzed by GC. The GC was carried out under thditions that are given below:

Injection volume 2 mi
Column material SUS 314
Column length 2m

Column stationary phase Porapak T (Mesh range $0-80
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Column temperature 30°C
Carrier gas He gas

Pressure of carrier gas 201.3 kPa
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Fig. 3.2 Schematic diagram of experimental apparatus fo, permeability. 1: C(
cylinder, 2: N cylinder, 3: masdlow controller, 4. gas flow meter, 5: water baéh,

membrane module, 7: pressure gauge, 8:-pressure regulator, 9: gas chromatogt

The permeability of the C, was determined from the permeate rate as fol

Fo
=2 3.2
ApA (3.2)
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where Q, F and Ap mean permeability of gas in Barrer (1 Barrer =46m*(STP;
standard temperature and pressure, 273.15 K atid)tra cn?s* cmHg?), permeation
rate in cnM(STP)$' and partial pressure difference between feed anahgate sides in
cmHg, respectively. The Grermeability was measured at temperatures fror@. {30
to 343.15) K. The C®permeability measurements were carried out twioe for all

experiments.

3.2.4 Measurement of selectivity between CGIN,

The selectivity between GIN, through ionic liquids was measured by a sweep
gas method. The schematic diagram of the experahapparatus for the selectivity is
shown in Fig. 3.3. The mixed gas of €é&nd N was supplied into the feed side of
membrane module.The flow rates were controlledlatgnd 108) cthmin™ for CO,
and N, respectively. The volume fraction of @t the feed side was 0.10. The
pressure at feed side of the membrane module wasrhblg. At the permeate side, He
gas was used as the sweep gas. The flow rate efadeontrolled at 10 chmin™. The
permeate side was at atmospheric pressure. Theepgdhmixed gas of GGand N
was injected into a GC with He gas. The composstioh the permeated gas were
analyzed by GC every 30 min in 3 h. In this woihe telectivity was defined as the

ratio of permeability for C@and N by the following equation:

S= Qcoz :( Feo20 J/[ Fy20 J: Feoo % Apy, (2.3)
Quz Apco, A Apy, A Fnz  BPcoz

The ratio of permeate flux for G@nd N was obtained from the volume fraction the
mixed gas at the permeate side analyzed by GC.pah&l pressure differences for
CO, and N between feed and permeated sides were (10.3 anpgd@2Hg, respectively.
The selectivity between GIN, was measured at temperatures from (303.15 to 3%3.1
K.
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Fig. 3.3 Schematic diagram of experimental apparatus fo,/N; selectivity. 1: CG
cylinder, 2. N cylinder, 3: mass flow controller, 4. gas fl meter, 5: water bath,
membrane module, pressure gauge, 8: be-pressurgegulator, 9: gas chromatograj

10: He cylinder.

3.3 Results and discussic

3.3.1 Gelmembrane structure

To prepare the gel type membrane for; single gas separation, two sample:
microporouspolymer PVDF and PTFE with the similar pore siz2 um were used to
test the blending ability between the ionic liqaidd polymer fibers. The impregnai
PVDF and PTFE membranes are shown in 13.4. The results showed that af
impregnation, PVDF begne transparent membrane along its whole membrnarss
section while PTFE was unchanged. This result atdat that the mixing between t

ionic liquid and porous membrane occurred in oNKDE.
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. PVDF — PTFE

Fig. 3.4 PVDF and PTFE membranes (a) unprocessed and (begmated with
[bmim][PFg]

To ensure that the PVDF membrane was more suitdiale PTFE for the
membrane preparation, the scanning electron miopes¢SEM) was used to observe
the surface morphology of the PVDF and PTFE mendsas shown in Fig. 3.5. It was
found that the PVDF membrane demonstrates the yhigbtous material (Fig. 3.5a)
whereas the fiber of PVDF membrane with ionic lajlobecame swelling, structure
changed to the gel type and the size of pore tota the smallness (Fig. 3.5b).
Conversely, PTFE membrane after impregnation stilwed non-swollen fiber and the
porosity more than that of PVDF. There is no dahbt PVDF was selected to use for

gel membrane preparation.
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Fig. 3.5 Scanning electron microscope of the membrane sumiagrphology (a) th
unprocessed®VDF, (b) the impregnated PVDF membrane with [briitfg], (c) the
unprocesse®TFE and (d) the impregnated PTFE membrane withnfiifaFg]

3.3.2 Pemeability and selectivity investigatior

The experimental results of (; permeability through [emim][Bq],
[bmim][BF4], and [bmim][T&EN] membranes atf = 303.15 K were compared w the
literature data [28, 74t room temperature. The coarisons are preseni in Table 3.2.
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The results in this work are in agreement withlitezgature data within the order of the

permeability.

Table 3.2 Comparisons of COpermeability data through [emim][BF [omim][BF4],
and [bmim][TEN] membranes af = 303.15 K with literature data.

lonic liquid  Q (Barrer) (in this work) Qret(Barrer)
emim[BFR] 189 482%™ 968%™
bmim[BF,] 200 462+
bmim[TFN] 349 084474

*Literature data are at room temperature.

The temperature dependences of ,C@ermeability through ionic liquid
membranes are shown in Table 3.3 and Fig. 3.6.résepted in Table 3.3 and Fig. 3.6,
the permeability of C@ through the all ionic liquid membranes increasesh w
temperature. It is found that the [bmim][{Rff membrane gives the highest value of
permeability, while [bomim][PF yields the lowest. The [emim] cation results in a
higher CQ permeability than that with the [bmim] cation awvem the comparison
between [emim][BE] and [bomim][BF]. For [emim][BF] and [bmim][dca] membranes,
the values of the permeability at= (303.15 and 313.15) K are the almost same. The
larger differences of permeability are given at thgher temperature at (323.15 to
343.15) K. The values of the permeability througmim][BF,] and [bmim][OTf] are

the almost same at the all temperatures in thi&wor
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Table 3.3Experimental results of Cpermeability through ionic liquid membranes.

o Qcoz (Barrer)
lonic liquid
303.15K 313.15K 323.15K 333.15K 343.15K
[emim][BF4] 189+ 0.0 21813 250+0.0 27826 301+1.3
[bmim][BF] 200+ 1.3 214+0.0 233:0.0 250+0.0 266+1.3
[bmim][PFg] 121+ 0.0 143+ 0.0 166+1.3 20300 221+1.3
[bmim][Tf,N] 349+1.3 376£0.0 396+0.0 437+1.3 446+0.0
[bmim][OTTf] 205+1.3 218 0.0 234+t0.0 250+0.0 266+0.0
[bmim][dca] 199+1.3 211+0.0 226£t0.0 232+0.0 242+0.0
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Fig. 3.6 Plot of CQ permeability against temperature through ioniaiignembranes,
(@) [emim][BF], (O) [bmim][BF,], (M) [bmim][PF], (L) [bmim][Tf2N], (A)
[bmim][OTf], (A) [bmim][dca].
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Based on solution-diffusion theory, the permeaigsaves into the liquid
membrane, then diffuses through the membrane tpdhmeate side. The permeability
of CO; through the ionic liquid membrane can be represkfrom solubility,Cco,, and

diffusion coefficientsPcop, as follows:
Qcoz = Ceo2Dcoz (3.4)

The diffusion coefficient of C@in ionic liquids was obtained by an equation pisgmb

by Morgan et al [75] as follows:

1
D..,=37x103 ———— (3.5)
coz (’7|?_5 cozpﬁ_J

where 7 andV represent the viscosity of ionic liquid in cP andlan volume at the
normal boiling temperature in émol ™, respectively. The molar volume of C@&
available from the literature [76]. The viscositydadensity of ionic liquids studied in
this work are obtained from the literature data, [64, 77, 78]. The results of diffusion
coefficients of CQin ionic liquids afl = (303.15 to 343.15) K are listed in Table 3.4.
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Table 3.4Diffusion coefficient of CQinto ionic liquid membranes

D x 10° (cn’’s?)
lonic liquid
303.15K 313.15K 323.15K 333.15K 343.15K

[emim][BF4] 7.84 9.29 10.88 12.62 14.52
[bmim][BF] 5.18 6.30 7.57 8.92 10.38
[omim][PF] 2.97 3.57 4.29 5.13 6.02
[omim][Tf,N] 5.49 6.71 8.09 9.65 11.39
[bmim][OTf] 5.19 6.29 7.45 8.78 10.32
[bmim][dca] 13.39 16.69 19.97 24.28 28.97

The diffusion coefficients of COthrough the ionic liquid membrane at
operating temperature of 303.15 and 343.15 K arstihted in Fig. 3.7. It is known that
the higher temperature causes the more diffusiiiiyrthermore, the result shows
apparently that [omim][PJf has the lowest diffusivity compared to those dkiger ionic
liquids. Hence, it can be said that the cause eof Ithwest CQ permeability using
[bmim][PFs] as liquid membrane comes from the lowest diffitgiof CO, into this
ionic liquid specie. As mentioned before, the ressof [bmim][THN] liquid membrane
gives the highest CQOpermeability but the diffusivity has not presentkd highest. It
may cause from the solubility has a stronger effieah diffusivity. For [omim][OTf],
its diffusivity and permeability are comparable twifomim][BF;]. In the case of
[bmim][dca], it shows the highest diffusion coeféint but the permeability is in the
second rank from the minimum. For all the ionialdspecies, it can be indicated that

the diffusivity has significant effect on G@ermeability.
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Fig. 3.7 Diffusion coefficient of CQ in six ionic liquid membranes at temperatufd) (
303.15K, @) 343.15 K.

The effects of six ionic liquids species whichfelience species of five anions
and two cations on the G(permeabilities were investigated. As pointed dubve,
based on solution-diffusion theory, permeabilitycmntrolled by both solubility and
diffusivity. The diffusivity of gas depends on tearpture while solubility hinges on the
types of chemicals. The values of the solubilitgféoient of CQ in ionic liquids were
obtained from the permeability and diffusion cogéfnt using Eq. (3.4). The calculation
results for all temperature are shown in Table Bi§. 3.8 illustrates the comparison of
solubility coefficient of CQ in ionic liguid membranes between temperatureG#.B5
and 343.15 K. When increased the temperature, dhgiity coefficient decreased.
This is because the increase in temperature |eadsse the vapor pressure of £@nd

then resulting in the decrease in solubility.
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Table 3.5Solubility coefficient of CQinto ionic liquid membranes

C x 10° (cm*(STP)cm® cmHg?)

lonic liquid
303.15K 313.15K 323.15K 333.15K 343.15K
[emim][BF4] 24.17 23.51 22.98 22.00 20.75
[bmim][BF] 38.61 34.04 30.77 28.03 25.61
[bmim][PFg] 40.76 40.17 38.65 39.50 36.72
[bmim][Tf,N] 63.51 56.08 48.96 45.27 39.16
[bmim][OTf] 39.55 34.73 31.44 28.47 25.75
[bmim][dca] 14.84 12.61 11.33 29.54 8.36
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Fig. 3.8 Solubility coefficient of CQ in six ionic liquid membranes at temperatutd) (
303.15 K, @) 343.15 K.
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For the all ionic liquid species, the degrees bychhe diffusion coefficient increases
with temperature are greater than those by whiehstiubility coefficient decreases.

These phenomena result in the increase of @@meability with temperature.

The experimental values for the selectivity betv€€,/N,through ionic liquid
membrane are given in Table 3.6 and Fig. 3.9. Tdlaes of the selectivity between
CO./N; through the all ionic liquid membranes decreash wicrease of temperature.
The selectivity through [emim][Bff [bmim][BF4], and [bmim][dca] membranes are
higher than those through the other ionic liquidmwheanes. It is interesting to observe
the lowest selectivity at constant temperature ligaioed with the [bmim][TAN]

membrane which shows the highest value of permaafal CO..

Table 3.6Experimental results of selectivity of G/, through ionic liquid membranes.

lonic liquid 5= QoodQhz
303.156 K 313.15K 323.15K 333.15K 343.15K

[emim][BF] 83.2+0.8 75608 735:1.1 64.1+04 49.6:0.8
[bmim][BF,] 86.5+0.1 75.6:0.1 66.80.1 59.401 52.6:0.8
[bmim][PFe] 60.0+0.7 55.1+0.9 b56.5:0.2 47.0:0.5 43.3:0.8
[bmim][Tf>N] 56.8+0.2 56.6:0.2 48.9:t05 44.9t0.1 42.20.8
[bmim][OTT] 60.6+1.1 56.0:00.9 55.8:0.1 50.5:0.4 45.0+0.8
[bmim][dca] 78.9+0.9 70.6:0.3 62.6:0.3 60.4:0.0 53.7:0.8
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Fig. 3.9 Plot of CQ/N, mixed gas selectivity against temperature throegic liquid
membranes,®) [emim][BF,], (O) [omim][BF4], (l) [bmim][PFs], (L) [omim][Tf.N],
(A) [omim][OTf], (A) [bmim][dca].

3.4 Conclusions

PTFE membrane was not capable to be employedasliquid gel membrane
because heterogeneous phase occurred during grepafRVDF was successful to be
impregnated with ionic liquid and its fiber becammeollen and transparent. GO
permeabilities were tested by using six well-knawpes of ionic liquids as the liquid
membranes under the various operating temperaftoes 303.15 to 343.15 K. The
increase in temperature results in the enhanceaidd®, permeabilities due to the rise
of diffusivity. The higher temperature causes tlogvdr viscosity and the higher
diffusivity. It can be explained by solution-difios theory that the diffusion coefficient
has the stronger effect more than solubility ceefht on CQ permeability through
liguid membrane because the degrees of diffusiefficeent increases with temperature
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are larger than those of the decrease of solulaibsfficient. The greatest permeability
is given with the [bmim][T{N] membrane in which COsolubility coefficient is the
highest. The membrane with [bmim][Fpresents the lowest permeability due to the
lowest diffusion coefficient. It is very importafdr the design of ionic liquid membrane
to understand not only the solubility but also wakibn coefficients of C®in ionic
liquids. In addition, the different anion specié¢samic liquids have the major effects on

CO, permeabilities as well.

The mixed gas selectivity between £/ through the ionic liquid membranes
decreases with the increase of temperature. Ultikaesults of C@permeability, the
lowest selectivity is given with the [bmim][a¥]] membrane in which the permeability
of CO, is the highest.
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Chapter 4
Separation of CQ, from the CO,/N, mixed gas through ionic liquid

membranes at the high feed concentration

4.1 Statement of problem and objectives

Chapter 3 has studied the effects of temperanuoleaaion species of ionic liquid
membrane on C{permeability with the low volume fraction of G@t feed stream.
The supported membrane was hydrophobic PVDF. Thkelst permeability of CO
single gas was obtained from [bmim]§R{ liquid membrane while the lowest was
obtained from [bmim][P§]. The permeability of C@increases with temperature for all
the experimental conditions. The results of A selectivity presented the opposite
trends with permeability. However, the ¢@ermeability and separation phenomena
with high CQ feed concentration are very doubtful. The resofitsur ongoing attempt
to investigate and develop the separation ob @®@ough ionic liquid membranes are

introduced in this Chapter.

This Chapter presents the results of the expetahanvestigation of C®
permeability and separation with high €@lume fraction at the feed stream [55]. The
separation of C@with the volume fraction of 0.3 to 0.5 through iotiguid membranes
was examined. The total pressure difference betvieed and permeate sides was
varied from 0.05 to 0.21 atm. The operating temjpeeawas controlled at 313.15 K for
all the experiments. Two species of ionic liquidthwidifferent anion, 1-butyl-3-
methylimidazolium hexafluorophosphate ([omim]fBF and 1-butyl-3-
methylimidazolium bis(trifluoromethylsulfonyl)imidgbmim][Tf.N]), were used in this
study. The supported microporous PVDF membranesimaigar as in the previous work
[12]. The selectivity of the mixed gas @0, and the permeability of CQhrough ionic
liguid membrane were measured using the sweep g#soth The effects of the total
pressure difference, the total flow rate of the gas&l the C@concentration at the feed

side on both selectivity and gas permeability wevestigated.
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4.2 Experimental

4.2.1 Materials

lonic liquids, 1-butyl-3-methylimidazolium hexafltaphosphate ([omim][Rf
and 1-butyl-3-methylimidazolium bis(trifluoromethyl®onyl)imide ([bmim][Tf:N])
were purchased from MerckKGaA, with purity highdran 98%. The chemical
structures of ionic liquids are shown in Fig. 4The physical properties; molecular
weight, melting point, surface tension, density] arscosity are listed in Table 4.1. A
microporous polymer membrane, hydrophobic polyvdeie fluoride (PVDF), with
the pore size 0.am and the thickness 9&m was supplied from Wako Pure Chemical
Industries, Ltd. Carbon dioxide (G nitrogen (N) and helium (He) gases were
provided from Fuji Bussan Co. Ltd. Their puritieene 99.95%, 99.95% and 99.9995%,
respectively.

(a)
HSC/\/\N/\N+/CH3
\—/
[bmim]
(b)
F F
/ F o O F
F—\P'—F F—\C—!/ \s|—c/—|=
/ N\
F O o F
[PFe] [TEN]

Fig. 4.1 Chemical structures of (a) cation and (b) anidnsmc liquids in this study
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Table 4.1Physical property of ionic liquids in this study

Shortname M (g mol?) Tm (K) y(mNmY  p(gemd)* 7 (cP)*

[bmim][PRy] 284.18 283.2°" 48.8!"™ 1.371 1827

[omim][Tf,N] 419.36 270.2°" 375" 1.43P7 4017

* Temperatures of density and viscosity at 303.15 K

4.2.2 lonic liquid membrane preparation
A microporous PVDF membrane with diameter 5 cm areh 19.6 chmwas
employed as a support membrane. The liquid membpeaparation method was

similar with Chapter 2.

The membrane thicknesd,was obtained from the amount of ionic liquid le t

membrane by the following equation:

=M (4.1)
Ap

wherem, A andp are membrane mass in g, membrane area franchdensity in g ci

respectively. The subscript IL represents ionicuiig The results of membrane

thickness for each operating condition are showreible 4.2
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Table 4.2Thickness of ionic liquid membrane in this study

lonic liquid CQyvolume fraction Total feed flow rate  Membrane thickness

(ml min™) (um)
[bmim][PFe] 0.3 100 183.7
300 215.6
[bmim][TfoN] 100 199.7
300 189.8
[bmim][PF] 0.4 100 188.8
300 215.4
[bmim][TfoN] 100 191.7
300 189.8
[bmim][PF] 0.5 100 184.2
300 215.6
[bmim][Tf,N] 100 199.7
300 199.7

4.2.3 CQ separation experiment

The experimental apparatus for gas separationursagnt is shown in Fig. 4.2.
The CQ volume fraction was varied from 0.3 to 0.5. The B mixed gas was
supplied into the feed side of membrane moduléeatatal flow rates 100 and 300 mi
mint.The pressure at the feed side was changed frobntd.0.21 atm. The pressure of
the permeate side was atmospheric pressure. Theeptr mixed gases were carried
into gas chromatograph (GC) by sweep gas methdu tivé injection volume of 5 ml,
using He gas with flow rate 10 ml iffifThe samples were taken and analyzed every 30
min until steady state was reached. The operagngpérature was kept constant at
313.15 K by air bath for all the experiments. Aletexperiments were conducted in
duplicate runs. The average absolute deviationse wesed to calculate the
reproducibility. The volume flow rate at the perneeside was measured by using the
soap film gas flow meter. The gas permeate rate ei@sndined from the volume flow

rate and GC analysis for the mixed gas at pernsiaée
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Fig. 4.2 Schematic diagram of experimental apparatus fo,/N, sdectivity, 1: CQ
cylinder, 2: N cylinder, 3: mass flow controller, 4: gas flow nreté: air bath, 6
membrane module, 7: pressure gauge, 8:-pressure regulatof: three parts valve

10: soadilm gas flow meter, 11: gas chromatograph, 12:ciendel

The gas permeabilitieq in Barrer (1 Barrer = T* %cm*(STP)cm crifs*cmHg?), were

obtained by the following equatic

- Fo
Q=1on (4.2)

whereF, Ap andA are permeate rate in 3(STP)s', partial pressure differencecmHg

and membrane area in §mespectively

The selectivity of mixed gas denoted S, can be obtained from the ratio of 1

permeability of CQto that of M, as follows:
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— Qco2
Qu,

S (4.3)

4.3 Results and discussion

4.3.1 Effect of total pressure difference

The mixed gas of C4N, was used as the feed gas. The total pressure
differences were varied from 0.05 to 0.21 atm wikiile pressure at the permeate side
was at atmospheric pressure. The experimentaltsesiuthe effect of the total pressure
differences at the feed side on £€2lectivity and permeability are shown in Tables 4
and 4.4, respectively. The selectivity at the,G@lume fraction at feed sid&X{oy),
Xcoz = 0.5 through [bmim][P& and [bmim][T%N] liquid membranes are pretty similar.
The larger differences of selectivity are giverttad lower CQ concentrationXco, =
0.3, and 0.4.The differences of permeability canobeiously seen at the lower GO
concentration, especially aco2 = 0.3 while the permeability of GQlo not differ
significantly at higher C@concentration. The C{permeability which obtained from
[bmim][Tf,N] membrane is higher than that of [omim]gPExcept forXco, = 0.3 with
the total feed flow rate of 300 ml minAccording to the previous work in Chapter 3,
the permeabilities of low C{roncentration at feed side were investigated usirg
species of ionic liquid membranes including [bmiRH{] and [bmim][TELN]
membranes. The [bmim][7¥] liquid membrane performed the highest L£O
permeability while [omim][PE presented the lowest for single gas permeatidre T
results from this study strongly explain that thienomenon in mixed gas corresponds

with single gas permeation.
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Table 4.3Selectivity of mixed gas between €N, through ionic liquid membranes

lonic liquid CO, volume Total feed_fl_cl)w rate S=Qco/Qn2
fraction (ml min™) 0.05 atm 0.10 atm 0.15 atm 0.21 atm
[bmim][PF] 0.3 100 21.8+0.5 21.2+0.4 22.1+0.0 21.5+0.9
300 16.9+0.1 16.8+0.1 16.9+0.2 17.2+0.2
[bmim][TfN] 100 18.3 +0.1 18.0 £ 0.1 17.6 £ 0.1 18.0 £+ 0.2
300 17.5+0.1 17.4+0.1 17.1+0.1 18.5+0.0
[bmim][PF] 0.4 100 15.8+0.2 15.4 + 0.2 15.4 +0.2 15.5+ 0.2
300 13.7+0.0 13.7+0.1 13.6 £ 0.7 13.8+0.7
[bmim][Tf,N] 100 13.5+0.1 13.3+0.1 12.9 +0.0 12.5+0.0
300 141 +0.0 141 +0.1 141 +0.0 14.0+0.2
[bmim][PFe] 0.5 100 11.5 + 0.0 11.4 + 0.0 11.2 +0.1 11.5 + 0.0
300 11.1+0.1 11.1+0.1 109+0.1 10.4+0.3
[bmim][Tf,N] 100 11.9+0.1 11.7+0.1 12.0+0.1 12.0+0.2
300 11.3+0.1 11.3+0.0 11.3+0.0 11.2+0.2

71



Table 4.4Permeability of C@through ionic liquid membranes

CO,volume

Total feed flow rate

Qcoz % 10° (Barrer)

lonic liquid fraction (ml min™) 0.05 atm 0.10 atm 0.15 atm 0.21 atm
lomim][PFg 03 100 91+05 76+12 6.4+03 6.2+0.9
300 19.8+0.5 9.2+0.7 6.8+0.5 49+0.6

[omim][TfN] 100 11.4+0.3 9.4+0.2 8.8+0.4 49+0.3
300 13.4+0.6 3.2+0.6 1.3+0.3 3.2+0.3

lbmim][PFy 0.4 100 12.8+0.4 1.8+0.4 0.5+0.2 03+0.1
300 17.2+0.4 6.5+0.3 6.1+0.4 3.3+£0.5

lomim][TF,N] 100 12.6 +0.3 11.0+0.6 6.7+0.1 3.0+0.1
300 17.5+0.7 5.1+0.0 5.0+0.1 49+0.2

lbmim][PFy 05 100 17.1+05 6.3+0.5 5.6+ 0.8 53+0.8
300 16.4+£0.1 5.7+0.2 5.6 +0.6 5.0+£0.3

lomim][TF,N] 100 17.9+0.2 7.7+0.2 6.4+0.2 54+0.1
300 16.1+0.4 5.5+0.7 5.5+0.2 46 +0.3
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Fig. 4.3 shows the effect of total pressure déifee on the selectivity of GO,
and the permeability of CQhrough ionic liqguid membranes at the constarsdl tiibw
rate at the feed side of 300 ml mirFrom these results, it was demonstrated that the
selectivity insignificantly changed with the desean the total pressure difference as
shown in Fig. 4.3a. Fig. 4.3b shows the relatiopslatween permeabilities of G@nd
the total pressure difference. The permeabilitie€©, decrease by increasing the total
pressure difference. These results imply that #udifated transport took place at the
operating pressure region. The carriers for the, @0@lecules in the ionic liquid
membrane should be the anion species of the iogigd] especially fluorine atom.
Hasib-ur-Rahman et al [80] reported that the idigigid, which contained fluorine atom,
had stronger affinity with COthan that of non-fluorine atom. At higher total gmere
difference, the saturation of the carrier is limgtifactor on the Cgpermeation through
ionic liquid membrane. It is thought that the retituts of the carrier potential result in
the decrease in GQermeability through ionic liquid membranes [81-83]
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Fig. 4.3 Effect of total pressure difference on (a) selatgti of CO./N, and (b)
permeability of CQ through ionic liquid membranes in difference 8@lume fraction
at the constant total flow rate at the feed sid8asf ml min*; (@) [bmim][PRs], Xcoz =

0.3, ©) [bmim][TfoN], Xcoz = 0.3, @) [bmim][PFR], Xcoz = 0.4, ) [bmim][Tf,N],

Xcoz= 0.4, @) [bmim][PFs], Xco2= 0.5, (J) [bmim][Tf2N], Xco2= 0.5
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Fig 4.4 shows the effect of total pressure difierzon the selectivity of GIN,
and the permeability of CQhrough ionic liqguid membranes at the constarsdl tiibw
rate at the feed side of 100 ml MifThe selectivity shows the similar tendency with t
total flow rate at the feed side of 300 ml mifThe change of total pressure difference
has not affected the selectivity as shown in Figa4The highest selectivity can be
obtained from [bmim][P§ membranes. Fig. 4.4b illustrates the permeagdiof CQ
also increase by decreasing the total pressurerelifte which corresponds to the

facilitated transport mechanism. The reasons haeady explained above.
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Fig. 4.4 Effect of total pressure difference on (a) selatgti of CO./N, and (b)

permeability of CQ through ionic liquid membranes in difference 80lume fraction

at the constant total flow rate at the feed sid&@ff ml min*; (@) [bmim][PRs], Xcoz =

0.3, ©) [bmim][TfoN], Xcoz = 0.3, @) [bmim][PFR], Xcoz = 0.4, ) [bmim][Tf,N],

Xcoz = 0.4, @) [bmim][PR], Xcoz = 0.5, )[bmim][TfoN], Xco2 = 0.5
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4.3.2 Effect of total flow rate at feed side

To examine the effect of total flow rates of thexed gas at the feed side, the
measurements of G@ermeability and selectivity were conducted at floev rate of
100 and 300 ml mih The overall results of selectivity and perme#pitif CO, are also
listed in Tables 4.3 and 4.4, respectively. Théhargselectivity was obtained from the
lower total feed flow rate 100 ml mirat Xco» = 0.3, but the equivalence of the
selectivity in the case of 100 and 300 ml thimas presented &co, = 0.5. The CQ
permeabilities through [bmim][RFincrease with the total feed flow rateXao, = 0.3
and 0.4, while those through [bmim]pN] decrease. The G@ermeability results were
extremely interesting because they were similar tooth [bmim][PFE] and
[bmim][Tf,N] liquid membranes aKco, = 0.5 even though the total flow rate was
changed. Fig. 4.5 shows the examples of the effieicital flow rates at the feed side on
the CQ/N; selectivity and C@permeability through [omim][EN] liquid membranes.
As it can be seen, the selectivity between two feed rates is slightly different at high
CO, concentration. By increasing the total flow ratee {CQ permeability greatly

decreased.
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Fig. 4.6shows the effect of total flc rate at the feed side on permeability
CO;, and N through[bmim][Tf,N] liquid membrane at the constant ipressure feed at
feed side 1.05 atm. The changes of the total flde irssignificantly affected the ;

permeabilities as presented in Fi6.
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2000

0 I I
100 300
Total flow rate (ml nun')

Fig. 4.6 Effect of total flow rate at feed side on permeé#pilof gases troug
[bmim][Tf,N] liquid membraneat constant C® volume fraction of 0.5 with tt
pressure at feed side 1.05 atm J) CO,, (H) N,

4.3.3 Effect of CQ concentration

The effect of CO, concentration on selectivity and permeak of CGO,
permeability were also investigated. The volifractions of CQ(Xco;) at the feed side
were varied from 0.3 to 0.5. Fig.7 shows the effect of GOconcentration o
selectivity of CQ/N, and CO, permeability through [bmim][PF membrane with th
total flowrate at the feed side 300 ml r*and thetotal pressure differe of 0.05 atm.
As shown in Fig. 44, it was found that the low«CO, volume fraction showed tr
higher selectivity. The permeabil of CO, shows the corresponding trend w

selectivity as showim Fig. 47b.
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Fig. 4.7 Effect of CQ concentration on (a) selectivity of mixed gas,/N, and (b)
permeability of CQ though [bmim][Pl] ionic liquid membrane with tl pressure at

feed side 1.05 atm and total flow rate at the féga 300 ml mir?

Fig. 4.8 illustrates the facilitated transport mechanismligtiid membrane
Regarding the limited occupancies CO, on the carriergspecially fluorine atom ¢
anion species inside the ionic lig membrane, it is thought that the lowCGO;,

concentration presents the easy movemelCO, molecules from the feed side the
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permeate side via the carriers as shown in Fig. ©8athe other hand, the higher £0
concentration shows the lower permeability. As nogr®d above, the carriers inside the
ionic liquid membrane are saturated by @ilecules in the case of high ¢@lume

fraction at feed side. The occupied carriers handliease and capture the £0O
molecules to the nearby carriers because therecaempty carriers (see Fig 4.8b). The

CO. difficultly permeates to the permeate side.
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4.4 Conclusions

Carbon dioxide (Cg separation from nitrogen ¢N through ionic liquid
membrane with high feed G@oncentration was investigated. Regarding to theease
in permeability of CQwith the decrease in the total pressure differetioe,results
strongly pointed out that the facilitated transygady a key role at the 1.05 to 1.21 atm
of the total pressure at the feed side. The flutgthanions of ionic liquid acted as the
carriers, which were immobilized inside the ioniguid membrane. At higher total
pressure difference, the saturation of the cawees the limiting factor leading to lower
efficiency of carrier resulting in the decrease @h@ermeabilities. At the feed volume
fraction of CQ, 0.3 and 0.4, and total pressure difference, @@®.15 atm, the
permeabilities increase and decrease with incrgasial feed flow rate through
[bmim][PFs] and [bmim][T%N] membranes, respectively. In the case gp&rmeability,
the effect of feed gas flow rate was relatively $n@bncentration of C®at the feed
side also affected both the g@ermeability and selectivity. At high G@oncentration,
the permeabilities of CQwere limited by the carrier saturation also. Theuhs from
this study may be used to apply for the G®paration process design using ionic liquid

membrane in the future.
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Chapter 5
Effect of water vapor at feed and permeate streamsn CO,

permeabilities through ionic liquid membranes

5.1 Statement of problem and objectives

CO, permeabilities and selectivities through ioniculd membrane with dry
feed stream have been investigated in Chaptersl 3 ararying operating factors. The
previous works [27, 28, 35, 55] have studied dedf€Q while the additions of water
in ionic liquid membranes are few. The presencevater in ionic liquid is interesting
owing to the change of the properties such as sairfansion [84, 85], density and
viscosity [77]. Zhang et al [86] reported that teatall amount of water (1 mass%) in
the ionic liquids can absorb equimolar ratio of ADd generate zwitterion resulting in
the change of absorption mechanism of aqueous iana solution and pure ionic
liquid. The effect of ion and solvent of the aqueaolution of [bmim][PE was
examined by Raju et al [87]. They found that catilbifused slower than anion in the
aqueous [bmim][P& solution which is totally different from pure [bm][PFg].
Fortunato et al [88] have examined the influencewater on the solute transport
through ionic liquid membrane. The presence of waféected the solute transport
mechanism between amino acids (initial phase) awhdzed water. Kasahara et al [67]
have investigated the effect of water in amino acmdc liquid membrane on GIN,
separation. They obtained the pinnacle of ,C(permeability through
tetrabutylphosphonium proline of 14000 Barrer. Thesults imply that amount of
water has a serious impact on the,;@@rmeation.

This Chapter focuses on the presence of watenit liquid membrane at the
feed and permeate sides of the,(3®paration process. Two species of ionic liqulds,
butyl-3-methylimidazolium hexafluorophosphate ([bmfiPFs]) and 1-butyl-3-
methylimidazolium bis(trifluoromethylsulfonyl)imidgbmim][Tf2N]) were used in this
study. The effects of water vapor at feed and patenside on C®permeabilities were
discussed in term of the permeation mechanism basetde solution-diffusion theory.

The water permeabilities were also examined.
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5.2 Experimental

5.2.1 Materials

Two species of ionic liquid used in this study svatike with Chapter 4 those
were [bmim][Pk] and [bmim][T&N]. The microporous polymer membrane with the
pore size 0.2um, hydrophobic polyvinylidene fluoride (PVDF) weseipplied from
Wako Pure Chemical Industries, Ltd. Ultrapure wates purchased from Wako Pure
Chemical Industries, Ltd. Carbon dioxide (§@nd nitrogen (B gases were provided
from Fujii Bussan Co. Ltd. with the similar purgi©9.95 %.

5.2.2 Preparation of liquid gel membrane

Liquid gel membrane preparation method was expthin the previous Chapter.
The membrane diameter and area used in this work also same as the previous
Chapter as well. In this study, the thickness of thembrane was observed by
Microscope (Yashima Tokyo) with the six hundred mégations. Three points in
difference position of the gel membrane were meskurhe thickness was obtained by
the average of all points. This method would giverenaccurate values than the
calculation by density of ionic liquid. The gel mierane thickness for this work was
approximately 133 to 14Am. The observation results are shown in Table bt
results implied that the calculation values shoghhbr thickness than the observation

values.
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Table 5.1 The ionic liquid membrane thickness for each ojiggacondition in this
study

Membrane thicknessun)
303.15K 313.15K 323.15K 333.15K

lonic liquid membrane

[bmim][PFg] #7 152 152 152 152
[bmim][PFe] (humid feed) 137 139 142 140
[bmim][PFs] (humid permeate) 146 135 138 145
[bmim][Tf,N] 7 173 173 173 173
[bmim][TfoN] (humid feed) 144 133 137 134

*The thickness of liquid membranes were obtainedfthe calculation by density of

ionic liquid

5.2.3 Experimental set-up

In this study, the effects of the water vaporestdf and permeate streams on both
CO, and water permeabilities were investigated. Theearmental set-up for humid
feed and permeate streams are shown in Figs. 8.5.2n respectively. The GAlow
rate at the feed side was controlled by the flowtiad valve at 100 ml mih. Carbon
dioxide was flowed into water saturator and thesspd through the membrane module.
The pressure difference between the feed and p&thsales was adjusted at 0.2 atm
by back-pressure regulator while the permeate wide discharged to atmosphere.
Nitrogen (N) gas was supplied to the membrane module at theagate side as a
sweep gas and its flow rate 100 ml thiThe temperature of this experiment was kept
the constant by air bath. The permeabilities of, @@s investigated at temperatures
from (303.15 to 333.15)K in 10 K intervals. All tlegperiments were carried out twice
times. The experiment of the humid permeate str@asiconducted in the similar way
as humid feed stream experiment except for thetipnsof water saturator. The water
saturator was installed before §as was flowed into membrane module as shown in
Fig. 5.2. The water traps were collected the amomater at permeate side. The
permeate rate was measured by a soap film gas fleter. To analyzed the
composition of the permeated gas, the permeatavgasswitched from the soap film

gas flow meter to a gas chromatograph by threewagthvalve. The sweep and
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permeate gases were directly injected into theapasmatograph every 30 min ur

reach the steady state.

C——1]7
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Fig. 5.1 Schematic diagram of experimental apparatuhumid feedstream for CQ
permeabilities measurement, 1: , cylinder, 2: flow control valve, 3: gas flow met
4: water saturator, 5: membrane module, 6: air,batpressure gauge, 8: b-pressure
regulator, 9: water trap 10: three parts valve, ddap film gas flow meter, 12: g
chromatograph, 13: M\tylinder
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Fig. 5.2 Schematic diagram of experimental apparatt humid permeate stree for
CO, permeabilities measureme 1: CQ, cylinder, 2: flow control valve, . gas flow
meter, 4: water saturator, 5: membrane modulef bath, 7: pressure gauge, 8: k-
pressure regulato®: water trap 10: three parts valve, 11: soap fjhs flow meter, 12

gas chromatograph, 13, Nylinder

The permeabilitesQ in Barrer (1 Barrer = I*°cm*(STP)cm crif s cmHg!) of CO,
wereobtained by the following equatic

Q=9 (5.1)

~ ApA

whereF, & Ap andA are permeate rate in #(STP)$', membrane thickness in c
partial pressure difference in cmHg and membraga &r cn?, respectively. The watt

permeabilitiesvere measured simultaneous with , permeabilities.
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5.3 Results and discussion

The effects of water vapor at feed and permeatesson CQ@ permeabilities
through [bmim][PE] and [bmim][TEN] membranes were investigated. The
experimental results are shown in Fig. 5.3 and &hP. The rise of operating
temperature resulted in the increase of, @&meabilities because of the increase of the
mobility of polymeric fibers [80]. The structure afnic liquid gel membrane is more
relaxed. The higher mass transfer of Gfan be obtained. The permeabilities of ,CO
through ionic liquid membrane with water vapor eese the slope of temperature
dependence both humid feed and permeate streansaoenwith those without water
vapor in our previous work [27]. From these resuhg presence of water in the system

leads to the significant increase of Qé@rmeabilities.
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Fig. 5.3 Experimental results of CGQpermeabilities through ionic liquid membranes
with temperature dependence, (a) [omimHR®) dry feed [27], {A) humid feed, [(0)
humid permeate, (b) [omim][3N] (@) dry feed [27], {)humid feed
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Table 5.2Experimental results of G{permeabilities with temperature dependence

lonic liquid membrane Qcoz (Barrer)
303.15K 313.15K 323.15K 333.15K
[bmim][PRg] ** 121+ 1 143+ 1 166+ 1 203+ 1
[bmim][PFe] (humid feed) 307+ 3 372+ 3 453+ 7 558+ 13
[bmim][PFs] (humid permeate) 305+ 3 340+ 1 427+ 8 484+ 4
[bmim][Tf,N] 7 349+ 1 376+ 1 396+ 1 437+ 1
[bmim][TfoN] (humid feed) 607+ 5 624+ 8 765+ 3 956+ 10

Kasahara et al [67] reported that the increase @f &sorption in ionic liquids with
amount of water may cause from the modificationhaf absorption phenomena which
corresponds with our work. The humid feed streamegiéhe permeabilities of GO
higher than those of humid permeate stream. Then@menon can be explained by
solution-diffusion theory which the permeability gds through a dense membrane was
controlled by solubility and diffusivity. The suggen of water and C{concentration
profile through the ionic liquid membranes for batiheams are shown in Fig. 5.4. In
the case of the humid feed stream in Fig. 5.4a,cthecentration of water at the
interphase between vapor and gel phases is high.cG@entration profile shows the
rapid diffusion in gel membrane at the water effiegfion and getting slow near the
permeate side. In the case of humid permeate stre&ig. 5.4b, water concentration at
the feed side is very low resulting in the amoun€@, concentration slowly diffuse in
gel phase. Comparison the solubility of £@ ionic liquid membrane with water vapor
at feed and permeate streams found that the soyutilCO, at the feed stream is lower
than that of permeate stream as seen in Fig. Sedié ket al [89] have reported the
decrease of COsolubility in ionic liquid due to the increase wfater. From this
knowledge, it can be explained that the permegbilith the humid feed stream is
lower than that with the humid permeate stream. éil@x, the results of GO
permeability through the ionic liquid membrane withter vapor obtained in this work
are contrary to this explanation. The possible orais that the diffusion plays an

important role for both humid feed and permeateasirs.
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The rate of the CoOpermeability enhancement was also considered $nstiidy

and defined by following equatio

R= QIL+W
Qu

(5.2)
whereR and Q refer to rate of the enhancement and permeabilitiedhe compounc
respectively. Subscripts IL and w mean ionic liqwdd water, respectively. Tl
enhancement rates of G@ermeabilities with water vapor are given in Fi¢5. The
rate of the C@Qpermeabilities enhancement increased with temperaliuis found tha
[bmim][PFg] liquid membrane with both thhumid feed and permeate streams give
higher enhancement rate than that of [bmimN].
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Fig. 5.5Rate of the enhancement of £@ermeabilities, @) [bmim][PFK] with humid
feed, @) [bmim][PFs] with humid permeate &) [bmim][Tf,N] with humid feed

The knowledges of the solubility and diffusion ffméents of CQ are very
important to understand the permeation mechanisoudfh ionic liquid membrane with
and without water vapor. Vapor liquid equilibriuralationship is considered for the

calculation of the solubility of COX.,, in ionic liquid as presented follows:

Xco2 = % (5.3)

yCOZ CO2

where Peo,, Voo, and LS, stand for partial pressure, activity coefficientddugacity

of COxin liquid at the standard state, respectively.
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The fugacity of C@at the standard state can be obtained from thatieguhat

was proposed by Shimoyama et al [65]:

In £33, = 10.752—@ (5.4)

where f.5,andT are fugacity at standard state and temperatspectively.

Solubility coefficient of CQ in the ionic liquid is calculated from substitutio

solubility x.o, in mole fraction from Eq. (5.3) into Eq. (5.5)faflows:

3
Co., = T P> 224x10 0 Xco,
27315 M, Pco, 1-Xco,

(5.5)

whereC, T, p, , My and p,, mean the solubility coefficient in cig8TP)cn¥ cmHg™,

temperature in K, density of ionic liquid in g Talmolar mass in g mdland partial
pressure of C®in cmHg, respectively. In the case of water vapowlar mass of the

mixture, M+, was computed by following equation:

M IL+w :(M IL X nIL j+ [M w x nW J (56)

e +ny, n,+n,

wheren is mole of the component. The mixture densgy,,,, , was obtained from Li et
al [90].
The diffusion coefficient of C@n the ionic liquid is given from the correlation

proposed by Morgan et at [75].

3.7x10°°

D. . =_>/72Y (5.7)
e m 059Vcozpu_ ’
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whereD, 77, ,V and p,_are the diffusion coefficient in ¢, viscosity of ionic liquid

in cP, molar volume at normal boiling point in tmol™* and density of ionic liquid in g
ml™. The solubility and diffusion coefficients of G@ [bmim][PRs] with and without
water vapour were calculated. Their density andosggy were obtained from literature
[90]. The results of solubility and diffusion coefénts of CQ in [bomim][PFR] gel
membrane with dry and humid streams at feed anthgre sides were given in Table
5.3 and Fig. 5.6. The rise of temperature affetieddecrease of solubility coefficient
as presented in Fig. 5.6a. In this study, the apomfor humid permeate stream is no
water concentration at the interphase betweep @@ liquid membrane. Therefore, the
solubility coefficient of humid permeate streamsimilar with dry feed stream. The
highest solubility coefficient was obtained fromtibadry feed and humid permeate
streams while the humid feed stream gave the lofogsall temperature. Fig. 5.6b
shows the increase of diffusion coefficient wittmpeerature. The results are adverse
with solubility coefficient that is humid feed amermeate streams show the similar

diffusion coefficient but still higher than dry f@stream.
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Table 5.3Solubility and diffusion coefficients of Gn [bomim][PFs] gel membrane

Cx10° (cm*(STP)cm?® cmHg?) Dx10° (cnt s?)
Temperature (K)
Dry feed Humid feed Humid permeat®ry feed Humid feed Humid permeate
303.15 2.37 2.37 2.02 2.43 2.59 2.58
313.15 1.96 1.96 1.84 3.39 3.75 3.75
323.15 1.68 1.68 1.61 5.14 5.74 5.74
333.15 1.48 1.48 1.49 6.54 7.24 7.25
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Fig.5.6 Plot of solubility and diffusion coefficientd) dry feed, (J) humid feed, H)

humid permeate (a) solubility coefficient, (b) difon coefficient

To make the clear understanding of the effechefaddition of water into ionic
liquid membrane on Cf permeabilities, the enhancement rate of solubiétyd

diffusion coefficients of C@were calculated as follows:

Q|L+W - CIL+W D (58)

X IL+w X a

QIL CIL DIL
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where a is the additional parameter which present diffeeen€ enhancement ratio
between experiment and theoretical data. The cloul results of feed and permeate
streams are shown in Tables 5.4 and 5.5, respBctiiee a parameters of humid feed
and permeate insignificantly change with tempemmtukt humid feed and humid
permeate streams, the enhancement rate of diffesiefficient is higher than solubility
coefficient for all temperature. The supported osashould be the presence of water
vapor resulting in the decrease of viscosity ofadiquid. Fig. 5.7 shows the molecular
interaction of CQ water and [P§ molecules. In case of pure ionic liquid, €0
molecules are fastened with [ffFas shown in Fig. 5.7a. In contrast, the preserice o
water in ionic liquid shows that water moleculeteimene between the G@nd [Pk] .
The [PFK]" has pair correlation functions with water molecal®ove the unity [87]. It
suggests that the pair of water-fPHks rather stable leading to comfortable moving of

CO, molecules as given in Fig. 5.7b.

Table 5.4Enhancement rate of permeability, solubility, dsifan coefficients and of

CO, by addition of water at feed stream

Temperature (K) Qi+w/Qu CiL+w/CiL DiL+w/DiL a
303.15 2.54 0.88 1.07 2.70
313.15 2.60 0.93 1.11 2.52
323.15 2.73 0.95 1.12 2.57
333.15 2.75 0.99 1.11 2.50

Table 5.5Enhancement rate of permeability, solubility, dsifon coefficients and of

CO, by addition of water at permeate stream

Temperature (K) QiL+w/Qu CiL+w/Ci DiL+w/DiL a
303.15 2.52 1.00 1.07 2.36
313.15 2.38 1.00 1.11 2.14
323.15 2.57 1.00 1.12 2.29
333.15 2.38 1.00 1.11 2.14
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In addition, the permeation of water was measunetthis study. Table 5.6 and
Fig. 5.8 show the results of water permeabilitibsowgh ionic liquid membrane.
Permeabilities of water decreased with temperatuiase of [bmim][P§ membrane
while this phenomenon could not be found in [bmiffJN] membrane. It is very
interesting results that the poor water permiaditivas obtained from [bmim][IN]
membrane which presented the higher ,C@ermeabilities while [bmim][P4F
membrane presented the contradictory phenomersacdinfirmed our hypothesis [EF
anion has stronger affinity with water moleculeantHTLN]". However, the further

study is required for more discussion.

Table 5.6Experimental results of ¥ permeabilities with temperature dependence

o Qu20x107 (Barrer)
lonic liquid membrane
303.15K  313.15K 323.15K 333.15K
[bmim][PF] (humid feed) 712 652 424 426
[bmim][PFs] (humid permeate) 850 590 470 669
[bmim][Tf,N] (humid feed) 340 499 373 351
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Fig. 5.8 Permeabilities of water through ionic liquid memiza, @) [bmim][PFK] at
humid feed, &) [bmim][PFK] at humid permeatel) [bomim][Tf,N] at humid feed

5.4 Conclusions

The increase of temperature caused the relaxatidme gel membrane structure
owing to the higher COmass transfer. The presence of water in ioniddigquembrane
is able to enhance the G@ermeabilities due to the change of absorptiorCo%
mechanism. The freedom movement of ;G@olecules occurs in the gel phase. The
humid permeate stream gave the lower,@@rmeabilities than that of humid feed
stream due to the low water concentration and I&@y €blubility. When consideration
of two species of ionic liquid membranes found tf@anim][PFR] membrane gave
higher the rate of CfO permeabilities enhancement than that of [bmimTIf
membrane. These results also suggested tha{ [RFhich was more hygroscopic,
presented the stronger interaction with water moeésc than that of [EN]. The

addition of water in ionic liquid results in thealease of solubility coefficient whereas
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the increase of diffusivity coefficient is observétds clear that the presence of water in
ionic liquid membrane can improve of @@ermeabilities. Water permeabilities were
also measured in this study. Low water permeadslits obtained from [bmim][EN]
membrane which present high €@ermeabilities. That means the affinity of the
molecular pair between water and JN[f" is weaker than that of [BF This work may
be applied to C@separation process design in the industrial stabh as power plant
without the removal of water vapor from the feed grermeate streams. The system

which contains amount of water vapor is able tora@ewithout concern.
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Chapter 6

Prediction of the membrane area and amount of COmole fraction at

permeate for CO, separation process

6.1 Statement of problem and objective

Chapters 3 to 5 reported the experimental datthefstudy of CQ capture
through ionic liquid membranes. In the Chapter @, @ermeabilities and selectivities
were studied monitoring the impact of anion specgsonic liquid membranes and
operating temperature. The separation of,/8Q mixed gas through ionic liquid
membrane were investigated by changing gas coratemirat feed side, total pressure
difference involved the flow rate of gas as elutadain Chapter 4. Finally, in the
Chapter 5, the effects of water vapor streamsed #nd permeate on single gas,CO
separation through ionic liquid membrane were exachi The results from experiments
in these three Chapters would be analyzed andqgbeeldihe trend in order to broaden
the knowledge of gas separation by membrane tegénitherefore, the predictions of
other essential variables such as the size of nambpercent reduction of membrane
area and the CQcapacity at permeate without performing the expents are

necessary.

In this study, the results from the experiment€irapters 3 to 5 were introduced
and used in the computational simulation which pemgl in a literature [91]. The
estimations of desired membrane area for, G@paration, the percent decrease of
membrane area and the amount o, @@le fraction at permeate side were investigated.
The simulation results would supposed to be anrradtve for designing the GO

separation process using ionic liquid membrane.

6.2 Theory

CO, separation process in our study was based on ithples model was
proposed by Sui et al. [91]. They separated velaifiganic compounds (VOCs) from
air through triethylene glycol liquid membrane. And VOCs were mixed in the

103



chamber with the volume of 1°. Feed side was considered as a perfect mixingevel
plug flow model was applied for the permeate sideour case, C, and M, mixed gas
at the feed side were regarded asperfect mixingand the permeate side was thug
flow also. The schematic of (; separation simulation using ionicuid membrane

process is shown in Fig. 6.

co, + N,

I

Vacuum pump

s

lonic liguid membrane

Fig. 6.1Schematic of C, separation simulation through ionic liquid membis

The concentration of C, over the ionic liquid membrane in the chamlx, was
constant whereas the amount of, at permeate sidg, increased along the membre
area due to the driving force of (, partial pressure across the ionic liquid membi

given by following equatiol

Y =9(px-pyy) 61)

whereG, A, Q and J represent sweep gas flow rate at permeate siden*(STP)s',
membrane area in émpermeability of C, in cnt(STP)cm crif s* cmHg® and
membrane thickness in cm, respectively. Total presat feed and permeate in cm

areprandp,, respectively.
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In order to predict the reduction of membrane avban changing the affecting

operating conditions, the calculation can be evatlidy following equation:

%reductionof membranearea = H-L x100 (6.2)

whereH andL are higher and lower membrane area values, regpkyct

6.3 Computational details

The simulation of the desired membrane area fog §€paration through ionic
liquid membrane and the prediction of £@oncentration at permeate side was
performed using the results from the experimentsChapters 3-5. The operating
conditions are difference in each Chapter. Theabdes, operating temperaturéls £
303.15 to 343.15 K) and species of ionic liquiden{im][BF;], [bmim][BF,],
[bmim][PFg], [omim][Tf,N], [bmim][OTf] and [bmim][dca]), affected COpermeation
were studied in Chapter 3. In Chapter 4, the erpamis were performed under the
constant temperature of 313.15 K. The pressurerdifice 4p = 0.05, 0.10, 0.15 and
0.21 atm), CQ@ volume fractions at feed sidXdo> = 0.3, 0.4 and 0.5) and total flow
rate at feed side were investigated. These vasahbe the effect on G@ermeability
and selectivity. For Chapter 5, presence of watdead and permeate streams were
determined and compared the results of, @€rmeation with the dry feed streams by
varying temperaturesl (= 303.15 to 333.15 K). The membrane area usedisnstudy
was 19.6 crh for whole experiments. The summaries of experiaeoonditions of
Chapters 3, 4 and 5 are listed in Tables 6.1, 602633, respectively.
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Table 6.1Detail of experimental conditions of Chapter 3

Variable Detall

lonic liquid  Six species: [emim][Bff, [omim][BF4], [bomim][PFs], [bmim][Tf.N],
[bmim][OTf] and [bmim][dca]

X 1

o Listed in Table 3.1
Qcoz2 Listed in Table 3.3
G 1.66667 cri(STP)s"
P 92 cmHg

Pp 76 cmHg

Table 6.2Detail of experimental conditions of Chapter 4

Variable Detail

lonic liquid  Two species: [bmim][RfFand [bomim][TEN]

X 0.3,0.4and 0.5

o Listed in Table 4.2

Qcoz Listed in Table 4.4

G 0.16667 ci{(STP)s'

P Depended on the conditions of total pressure rdiffee
Pp 76 cmHg

Table 6.3Detail of experimental conditions of Chapter 5

Variable Detail

lonic liquid  Two species: [bmim][RfFand [bomim][TEN]
X 1

o Listed in Table 5.1*

Qcoz Listed in Table 5.2

G 1.66667 cr(STP)S"

P 92 cmHg

Pp 76 cmHg

*The membrane thickness of humid feed stream wed @ the simulation of dry feed
stream in order to prevent the discrepancy betvseemd and dry thicknesses.
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6.4 Results and discussion

The simulations of C® separation through ionic liquid membranes were
conducted using Eq. 6.1 based on the various dondibf the experiments in Chapters
3 to 5. The simulations were focused on the preshiadf permeate quantity of G@nd
the desired membrane area. The results of simoktising experimental results from
Chapter 3 which specify the membrane are&=at20, 100, 1000 cfrare shown in Figs.
6.2a, 6.2b and 6.2c, respectively. From Fig. 6&,ihcrease in operating temperatures
resulted in the enhancement of £@ole fraction at permeate. Moreover, the increase
in membrane area is able to absorb morg Gcentration for all prediction. The raise
of membrane area 50 times presents the permeatenaimioCQ concentration around
4 to 5 times while increase the membrane to 50@djnthe C@ mole fraction at

permeate approximately gains around 34 to 42 times.
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Fig. 6.2 Comparison of different species of ionic liquid n®anes with temperature
dependence, (a) membrane area = 2§ ¢m) membrane area = 100 rfc) membrane
area = 1000 cfn

108



To predict the required membrane area, the maletitm of CQ at permeate
was defined at 0.001, 0.01, 0.1, 0.25, 0.50, Ontbla Fig. 6.3 shows the comparison of
required membrane area between the difference efatpg temperature (303.15 and
343.15)K. As shown in Fig. 6.3a, to obtain the etple fraction, [bmim][T$N] liquid
membrane used the lowest membrane area of 1905@vbereas [bmim][P# liquid
membrane required the highest membrane area of05680 at unity of CQ mole
fraction. For other ionic liquid species ([emim][BF[bmim][BF,], [omim][OTf] and
[bmim][dca]), the requirement of membrane area shthe insignificant change. When
increasing operating temperature to 343.15 K amdrible fraction of C@at permeate
keep the constant for all species of ionic liquieniranes, the required membrane area
reduced. The [bmim][BEN]and [bmim][Pk] membranes still remain the similar trend
with T = 303.15 K by giving the required membrane ared4800 and 27500 cin
respectively at equimole fraction of unity as showwnFig. 6.3b. The [emim][BH,
[bmim][BF,4], [bmim][OTf] and [bmim][dca] membranes demonstrahe significant
difference of membrane area. The ranking of thellsstao the highest membrane area
is [emim][BF] < [bmim][OTf] < [bmim][BF4] < [bmim][dca] which correspond with

experimental results of Grermeabilities.
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110



As mentioned above, when increase in operatiopéeature fronT = 303.15 to
343.15 K, the membrane area for £X@paration process decreased. To estimate the
percent reduction of membrane area, Eq. (6.2) weeel to calculate. The calculation
results are illustrated in Fig. 6.4. The concermarabf CQ, at permeate was plotted in
the logarithm scale against %reduction of membeaxrea. The simulation results show
that when the increase in temperature, [bomimJJARembrane shows the prominent
decrease of membrane area around 45%. On the lzdhel; the smallest reduction of
membrane area was obtained from [bmim][dca] meneraith the average value of
14%. The possibility explanation would be the dffet temperature dependence of
[bmim][dca] membrane. It is quite interesting resuhat [bmim][TEN] membrane did

not show the lowest membrane area as expected.
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Fig. 6.4 Comparison of percent reduction of membrane ai#fa different ionic liquid

membranes

The simulation results using the conditions frorhafter 4 to optimize the

membrane area are shown in Fig. 6.5. These siranfafocused on the efficiency of
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the membrane for C{Oseparation from C&N, mixed gas until reach the steady state.
The membrane area were fixed at 20, 50, 100, 5000 &nd 2500 cfn The volume
fractions of CQ at feed sideXcop are varied from 0.3 to 0.5. The simulations are
compared among total pressure difference of 0.0H),0.15 and 0.21 atm and the
difference of flow rate at the feed stream= 100 and 300 ml mif). The maximum
capability of the liquid membrane for each conditiand their optimum points of the
membrane area to separate,@@m CQJ/N, can be seen in the graphes. As shown in
Fig. 6.5, the optimum membrane areas were in thgeraf 2000 cifor all simulation
results excepted for [bmim][RFmembrane aKco, = 0.4 with4p = 0.15 and 0.21 atm
which required higher.

All simulation results demonstrate that the inceeastotal pressure difference
leads to the enhancement of the absorption amdu@Qp at permeate side which
shows the unlike phenomena with the experimentallt® The results strongly
indicated that this simulation was not successtulptedict CQ concentration at
permeate when the total pressure difference changealse of the carrier saturation by
the facilitated transport in this particular pregssuange. The effects of the change of
flow rate at feed sideF(= 100 and 300 ml mif) on CQ absorption were compared
each other. There simulation results show thatetheere no consequent changes

between lower and higher flow rate at feed stremmvhole simulation results
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The presence of water in the feed and permeatamst were studied in Chapter
5. The simulation results using the conditions filGhapter 5 are illustrated in Figs. 6.6-
6.8. The membrane area was defined as 20, 502000300, 400, 500, 600, 800, 1000
and 2500 crh The absorption amount of G@t permeate was examined. Fig. 6.6
shows the comparison of G@oncentration at permeate of dry and humid feexhsts
using [bmim][Pk] membrane. The increase in operating temperasalted in the
enhancement of amount of @ ole fraction as seen in Figs 6.6a and b. At thelar
membrane area, the results pointed out that €@@perated with water at feed side at
lower temperature show the enhancement of €@ncentration at permeate than dry
feed stream around 2.1 to 2.5 times as shown in &ga. Fig. 6.6b presents the
increase in C@mole fraction at permeate of humid feed streamradd®.4 to 2.7 times

when equated with dry feed stream.
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Fig. 6.7 illustrates the comparison of amount @.€bncentration at permeate
through [bmim][PE] membrane of humid feed and permeate streams when
membrane areas were specified. At the similar mangrarea, humid feed stream
conditions gave higher GQconcentration at permeate than humid permeatanstre
around 1.1 times fof = 303.15 K and 1.2 times fdr= 333.15 K.
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Fig. 6.8 shows the amount of  concentrationat permeate throuc
[bmim][Tf,N] membranewith and without water at feed streams when the brane
areas were kept constant. The results show thevagqot trend with the u of

[bmim][PFs]. As seen in Figs. 6.8a and b, thumid feed stream present higher »
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mole fraction lhan that of dry feed stream to 1.7 and 1.8 t@.1 times foIT = 303.15
and 333.15 K, respective
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To identify how large the membrane sizes for,@@pture process, GOnole
fractions at permeate side were fixed at 0.0011,,@00, 0.25, 0.50, 0.75 and 1. The size
of membrane could be estimated as shown in Fig. Bgs. 6.9a and b show the
simulation results of membrane area for [omim§P&nd [bmim][TEN] membranes,
respectively. This graph compared between dry amdidh feed streams dt = 303.15
and 333.15 K. The results robustly indicated thaaler size of membrane was
obtained from the humid feed stream as illustratedFigs 6.9a and b. The
[bmim][Tf,N] membrane consume smaller membrane area thanothfimim][PR)]
membrane. If the dry feed stream was changed tachstream, the membrane area of
[bmim][PFs] would be reduced 2.5 to 2.6 and 2.7 to 2.8 tiatés= 303.15 and 333.15
K, respectively. In addition, size of [bmim][JN] membrane would be decreased 1.7
and 2.2 to 2.3 times &t = 303.15 and 333.15 K, respectively by changirgdhy to
humid feed stream.
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Fig. 6.9 Simulated results of required membrane area wipegifeed the CQ@ mole
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As mentioned before, the size of membrane couldedoeced by additional

water into feed stream. The percent reduction oimbrane area was also evaluated.
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The calculation was computed by Eg. (6.2). The cmmspn of two species of ionic
liquid membranes is shown in Fig. 6.10. At the ¢anstemperature of 303.15 K,
[bmim][PFs] and [bmim][TLEN] membranes show the reduction of membrane size
around 61 and 42%, respectively as shown in Fif)&.From Fig. 6.10b, at= 333.15

K, 64 and 54% of membrane area reduction coulddtaireed from [bmim][PE and
[bmim][Tf,N] membranes, respectively. When increasing in ajpey temperature from
303.15 to 333.15 K and changing dry to humid fe#&akasn, the reduction of
[bmim][PFs] and [bmim][TEN] membrane area were approximate 3 and 12%,

respectively.
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Fig. 6.10 Comparison of percent reduction of membrane areadultional water into
feed stream with different ionic liquid membrangs,T = 313.15 K and (b] = 333.15

K

6.5 Conclusions

The simulations for prediction membrane area, @@le fraction at permeate

and the percent reduction of membrane size wereedasut using the conditions from

experiments in Chapter 3 to 5. The conclusions wafided in three parts as follows:

1)

2)

3)

A model simulation of Chapter 3: An increase inrapieg temperature results
in the less membrane area and the rise of €@Qcentration amount at permeate
side. [bmim][PE] and [bmim][TEN] membranes show the highest and the
smallest membrane size when fixing £Q@oncentration at permeate,
respectively. When enlarging the membrane areanB8®BA0 times, the amount
of CO;, concentration at permeate increased around 4atod534 to 42 times,
respectively. The permeability results from expetins by varying species of
ionic liquid membrane corresponded with the simafatresults. The highest
and the lowest reduction of membrane area werargatarom [bmim][PF]
and [bmim][dca], respectively.

A model simulation of Chapter 4: the simulationules show disagreement
with the experiment because the facilitated trartspbenomena took place
these pressure regions (0.05 to 0.21 atm). It esghat this model was suitable
for the simulation of the COconcentration at permeate side with constant
pressure. Additionally, there was no significarftaestence of CQ mole fraction

at permeate between lower and higher flow rateed stream for all simulation
results. The optimum membrane depended on the ttmmslcase by case.

A model simulation of Chapter 5: amount of £@ole fraction at permeate
increase 2.1 to 2.5 and 2.4 to 2.7 time§ at303.15 and 333.15 K, respectively
when adding water into feed stream for [bmim}Pmembrane. C® mole
fraction at permeate obviously increases when dhgnigumid feed to humid
permeate streams around 1.1 to 1.2 times by usimgnj][PR] membrane.
[bmim][Tf,N] membrane would be decreased 1.7 to 2.3 timeswiteasing

temperature and changing the dry to humid feedastreThe reduction of
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[obmim][PFs] membrane area were approximate 3% and [bmind\{[Tivere
about 12% by increasing of operating temperatwe f803.15 to 333.15 K and
changing dry to humid feed.

Chapter 7

Summary of the research

7.1 Conclusions

The goal of this study is to design the £$@paration process by investigating
the key parameters that affect the C@ermeability and selectivity through liquid
membrane. Firstly, an amine/glycol membrane wagl @& a permeability study to
recovery CQ from air. The results show good g@ermeability but the short duration
of membrane is a big problem. Thus, ionic liquids promoted to be novel chemical
for CO, capture due to low vapor pressure and high affiwith CO,. Therefore, this
study mainly focuses on the application of ionguld membranes. The highlights of
this research are divided into two categories; Brpnts and simulations as listed

follows:

Experiments

* Amine/glycol liqguid membrane can be used to recp®&D, from air.

e CO, separation through ionic liquid membrane is susftkso operate near
room temperature.

* An increase in operating temperature resulting ha enhancement of GO
permeabilities unlike the selectivity.

« CO, permeabilities increase with the decrease of wdsure difference due to
facilitated transport.

 Low flow rate at feed side gives higher £@ermeabilities but selectivity
presents the similar for both low and high flowerat feed.

* At high CO concentration, C® permeabilities were limited by the carrier
saturation.

* The CQ permeation rises around twice when changing dwy bumid stream.
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* CO, permeabilities from [bmim][Pf and [bmim][TEN] membranes slightly
differed when operating with humid feed stream.

* The humid permeate stream gave . @@rmeabilities lower than that of humid
feed stream because of the low water concentratidriow CQ solubility.

 High CO, and low water permeabilities were obtained frommifi][Tf.N]

membrane due to the weak affinity of molecular patween water and [AM]".
Simulation

» This model is useful for the optimization of memigarea.

e At constant membrane area, the increase in opgré&gmperature leads to the
increase in C@concentration at permeate side.

« At constant amount of COconcentration at permeate, [bmim]fPFand
[bmim][Tf,N] presents the highest and the smallest membiaee s

» The rise of operating temperature results in tee leembrane area.

e [bmim][PFs] and [bmim][dca] show the highest and the lowesduction of
membrane area when increasing temperature.

« The simulation fails to predict the effect of pregsdue to facilitated transport
phenomena.

* The increase in flow rate at feed side shows inigmt change of C@mole
fraction at permeate.

» At the alike membrane size, G@ole fraction at permeate obtained from humid
feed stream is higher than that of humid permdataim around 1.1 to 1.2 times
when using [bmim][P§ membrane.

* At the permeate equimole fraction, [omim[jRf membrane with water vapor at

feed stream and high temperature requires smaflestbrane area.

7.2 Recommendations for future works

This work has carried out both experiments and kitimn in order to find out
the optimization conditions and parameters for, G€paration process design. However,
this work should be extended the ideas with thelgipation of knowledge to apply for
practical process in the future study. The recontagons and suggestions are listed as

follows:
127



1.) Improve the impregnation of ionic liquid into porous membrane

The impregnation of membrane with ionic liquid ma been perfect because of
high viscosity of ionic liquid. Even though the hogeneous phase can be seen with the
naked eye, the heterogeneous phase still appeatsas/ed by SEM. It is necessary to
improve the mixing method. The suggestion is to thgesolvent which dissolve ionic
liquid. The solvent should be easy to evaporatewrboiling point and do not dissolve
with polymer membrane. Other alternative is the ab&upercritical CQ Pressure,
temperature and flow rate affect the morphologytttd membrane. The dominant

advantage of this method is that it will not degtilee membrane structure.

2.) Prediction of gel membrane viscosity

Generally, the solution-diffusion mechanism is uded the calculation of
permeability of gas. In this mechanism equatiodifiusion coefficient of ionic liquid
was proposed by Morgan et al as described in teeiqus Chapter. The viscosity that
uses for calculation is obtained from only ioniuiid. In this work, although diffusion
coefficient was calculated from only viscosity ohic liquid, the viscosity of porous
membrane should be concerned as well. From thiseqinit would be considered that
the viscosity of the mixture between ionic liquitdaporous membrane may give more
accuracy of calculation. Therefore, in order to ioye the accuracy of calculation, the
viscosity term should be modified by using both ¥iszosity of porous membrane and

ionic liquid.

3.) Fundamental study for SGQ removal unit in the industry

SO, from the combustion process (e.g. incineratiomtplaiomass power plant,
cogeneration plant) should be also reconsiderednasnvironmental issue due to the
cause of global warming phenomena. lonic liquicha$ only able to capture Gut
also other acid gas i.e. sulfur dioxide ¢BOrhe existing S@removal method is to
inject the limestone into the fuel gas stream. &kisting problem is that the bag filter
often clogs and need to clean up or install the oeit In the future, the study should
focus on the S@Ppermeability and selectivity in several paramesarsh as new species
of ionic liquids, the types of supported porous rbeames, temperature dependence and

SO on.
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