International Journal of Greenhouse Gas Control 54 (2016) 59-69

journal homepage: www.elsevier.com/locate/ijggc

Contents lists available at ScienceDirect

International Journal of Greenhouse Gas Control

Membrane absorption using ionic liquid for pre-combustion CO,
capture at elevated pressure and temperature

Zhongde Dai, Liyuan Deng*

@ CrossMark

Department of Chemical Engineering, Norwegian University of Science and Technology (NTNU), Trondheim 7491, Norway

ARTICLE INFO ABSTRACT

Article history:

Received 1 April 2016

Received in revised form 24 August 2016
Accepted 1 September 2016

Keywords:
Pre-combustion

CO, capture
Membrane contactor
lonic liquids

Glass membrane

This study demonstrated the potential of applying ionic liquids as absorbents in membrane contactor
for pre-combustion CO, capture at elevated temperatures and pressures. Butyl-3-methlyimidazolium
tricyanomethanide ([Bmim][TCM]) was used as a CO, absorbent due to its high thermal stability, mod-
erate viscosity and high CO, absorption capacity. The effects of the operating parameters on the CO,
capture performance in a tubular glass membrane contactor were systematically investigated, including
the operating temperature, pressure, and gas flow rate. An overall mass transfer coefficients (Kexp) value
of 1.0x 10°%ms~! and a CO, flux of 2.50 x 10~* molm~2s~! were obtained at an operating tempera-
ture of 80°C and pressure of 20 bar. The Key, obtained from the experimental characterization were also
compared with the Ko, estimated from the resistance in series model.

© 2016 Published by Elsevier Ltd.

1. Introduction

CO, capture and storage (CCS) is regarded as an effective
approach to reduce the effects of anthropogenic emissions on
climate change (Abanades et al., 2015; Yang et al., 2008). Effi-
cient membranes/membrane processes are proven effective and
promising to deal with CO, emissions from power plants in both
pre-combustion and post-combustion processes (Dai et al., 2016a;
Scholes et al., 2010). Compared to post-combustion CO, capture,
which aims at the separation of CO, /N, mixture (~5-15vol% CO;)
at a moderate condition, pre-combustion CO, capture separates
CO,/H, mixtures with a much higher CO, concentration (~45 vol%)
at an elevated pressure and temperature. In pre-combustion pro-
cess, CO,[H, separation is an important step to purify H, from the
water-gas shift reaction products and hence avoid CO, emission.
The selective separation of CO, from Hj at elevated temperatures
is the key challenge for this process since this reaction is equilib-
rium limited and only occurs at appreciable rates at 15-20 bar and
temperatures 190-210°C (Scholes et al., 2010).

Membrane process is considered more energy efficient com-
pared with the conventional physical or chemical adsorption
processes commonly used for pre-combustion CO, capture in inte-
grated gasification combined cycle (IGCC) power plant. Various
attempts have been made to develop membrane process for this
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separation. For example, Pd membranes have often been reported
as Hy permeable membranes with very high CO,/H; selectivity, but
Pd membrane is very hard to prepare to an industrial scale and is
easily poisoned by the presence of CO and S-compounds. Ceramic
membranes are also reported for this application due to their high
thermal stability. However, the gas fluxes of ceramic membranes
are generally too low for practical applications (Xu et al.,2011), and
the fabrication and up-scaling of ceramic membranes/membrane
modules are very difficult and expensive. In addition, the purified
H, in these cases is in the permeate side at low pressures, which
requires additional energy for the downstream utilizations of H,
(usually at high pressures).

Another approach to meet this challenge has been the use of
ionic liquids (ILs), an organic salt with negligible vapor pressure
and high thermal stability, exhibiting extraordinarily high CO,
solubility but only negligible H, solubility: a CO,/H, solubility
selectivity over 100 was reported (Li et al., 2016; Yokozeki and
Shiflett, 2007). The structure of ILs can be specifically designed
to have the desired reversible reaction with CO, for a highly effi-
cient absorption and easy regeneration through incorporation of
selected polar substituents (Ayala et al., 2006; Bara et al., 2008).
Gas solubility in ILs shows a strong dependence on temperature
and pressure, so are the viscosities of ILs (Anderson et al., 2007;
Kurnia et al., 2009). Noble and co-workers have tried to use sup-
ported ionic liquids membranes to take advantage of the ILs for CO,
separation (Bara et al., 2009). However, this ILs membrane only
showed a selectivity of 4-20 since H, has higher diffusivity than
CO,. Moreover, according to experiments, this type of ILs supported
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Nomenclature

Kov,g Overall mass transfer coefficient (ms=1)

H Distribution coefficient, dimensionless

Kk Liquid phase mass transfer coefficient (ms=1)

km Membrane phase mass transfer coefficient (ms=1)

kg Gas phase mass transfer coefficient (ms=1)

kmg Mass transfer coefficient of gas filled pores (ms=1)

Kt Mass transfer coefficient of liquid filled pores
(ms™1)

do Outside diameter of the membrane (m)

d; Inside diameter of the membrane (m)

din Log mean diameter of the membrane (m)

Dg Bulk gas diffusivity (m?%s—1)

D; Gas diffusivity in the liquid (m? s~1)

Dg.m Effective gas diffusivity in the membrane (m2s-1)

dp Hydraulic diameter (m)

g Gas velocity (ms—1)

v Liquid phase velocity (ms~1)

L Length of the membrane (m)

Veo, Mole volume of CO, (cm? mol-1)

P Pressure (bar)

T Temperature (K)

Nco, CO, flux (molm—2s-1)

Q Gas flow rates (m3s—1)

Cg Gas phase CO, concentrations (molm—3)

A Effective membrane area (m?)

ACq Logarithmic mean concentration (dimensionless)

Subscripts

g Gas

1 Liquid

in Inlet of the contactor

out Outlet of the contactor

Greek letters

v Kinematic viscosity

w Dynamic viscosity of the fluid (Pas or Ns/m? or
kgm-1s1)

0 Density of the fluid (kgm—3)

¢ Membrane wetting ratio (dimensionless)

&m Membrane porosity (dimensionless)

Sm Membrane thickness (m)

Tm Membrane tutorosity (dimensionless)

i Kinetic viscosity of the liquid (mPas)

membranes cannot stand for operations at trans-membrane pres-
sure differences over 2 bar. To overcome the problems in supported
ILs membranes while take advantages of the unique properties of
ILs, membrane contactor process using ILs as absorbents for CO,
capture from pre-combustion processes is studied in this work.
Membrane absorption is a hybrid technology combining the
advantages of absorption process and membrane technology
(Zhang et al., 2013). The main advantages of membrane contac-
tors over conventional packed (random or structured) columns
include no flooding and/or foaming, a larger interfacial area, inde-
pendent operation of the gas and liquid phases, and linear scaling
up or scaling down (Ahmad et al., 2010; Li and Chen, 2005). The
absorbent is an essential part of a membrane contactor. Many
absorbents have been reported in membrane contactors over the
past few decades, including alkaline amine solutions (Iliuta et al.,
2015; Wang et al., 2004), amino acids salts (Lu et al., 2010), alkaline
solutions (Wang et al., 2014), enzyme promoted solutions (Saeed
and Deng, 2016; Yong et al., 2015), ammonia solutions (Makhloufi

etal., 2014), and ILs (Dai et al., 2016c¢; Luis et al., 2009; Wang et al.,
2016). Among these absorbents, ILs have unique properties such
as negligible volatility, high CO, solubility, superior thermal sta-
bility, and tailorable structures (Wappel et al., 2010; Zhang et al.,
2012), which ensures a higher temperature application and leads
to lower solvent loss and lower regeneration energy consump-
tion (Ramdin et al., 2012). Most regeneration processes using an
aqueous amine absorbent consume 50-80% of the total energy in
the regeneration of the absorbent and the solvent, in which a big
portion of the energy is wasted due to solvent evaporation (Kim
et al,, 2011). Another advantage of ILs is the relatively low cor-
rosion rate and low toxicity. Hasib-ur-Rahman et al. reported the
corrosion rate of ILs as being one magnitude or even two magni-
tudes lower than commonly used amines, such as ethanolamine
(MEA) and diethanolamine (DEA) at room temperature (Hasib-ur-
Rahman et al., 2012); Papatryfon et al. reported a solvent based on
1-Butyl-3-methlyimidazolium tricyanomethanide ([Bmim][TCM])
that exhibited a similar capture performance as DEA 20%, but with
much lower corrosiveness and far less toxicity (Papatryfon et al.,
2014).

In the past few years, many researchers have tried to apply
ILs in membrane absorption processes for gas separation (Albo
and Irabien, 2012; Albo et al.,, 2010, 2011; Gomez-Coma et al.,
2014; Jie et al., 2014; Lu et al., 2014; Luis et al., 2009; Ortiz et al.,
2010), and most of them relied mainly on quite moderate operat-
ing conditions (e.g. ambient pressure/temperature). The influences
of different parameters on 1-Ethyl-3-methylimidazolium ethyl-
sulfate ([Emim][EtSO4]) and 1-Ethyl-3-methylimidazolium acetate
(JEmim][Ac]) have been studied, such as flow rate, tempera-
ture, and membrane geometry (Albo and Irabien, 2012; Cadogan
et al., 2014; Dindore et al.,, 2004b; Gomez-Coma et al., 2014).
Lu et al. (Lu et al., 2014) studied the performances of CO,
membrane absorption using two ILs in water solutions, i.e.
1-butyl-3-methyl-imidazolium tetrafluoroborate ([Bmim]|[BF4])
and 1-(3-aminopropyl)-3-methyl-imidazolium tetrafluoroborate
(Japmim][BF4]). Sirkar et al. studied a pressure swing membrane
absorption (PSMAB) process using 1-Butyl-3-Methylimidazolium
dicyanamide ([Bmim][DCA]) or its dendrimer-containing solutions
as absorbents for CO, removal from low-temperature shifted syn-
gas (Chau et al., 2015; Jie et al., 2014). Different from conventional
membrane absorption processes where the liquid and gas phase
are both circulating, the PSMAB process is more like a pressure
swing adsorption process consisting of a six-step cyclic operation,
in which the IL absorbent is fixed on the shell side of the membrane
module as the stationary phase at a pressure of around 17.2 bar (250
psig) and a temperature of 100°C.

In this work, a membrane contactor process with closed cycle
and continuous flow using ILs as an absorbent was developed for
pre-combustion CO, capture. In this process, the gas and liquid
phases both flow in a steady state at around 20 bar, where CO,
from the gas phase is selectively absorbed into the ILs in the lig-
uid phase, then the CO,-rich liquid stream is sent to a flash tank to
relieve part of the pressure, hence part of the CO, is released into
the flash tank. The partly regenerated IL stream is sent further to a
membrane desorber at a reduced pressure and higher temperature
to finish the regeneration. Finally, the CO, lean IL stream is pumped
into the membrane absorber at the higher pressure again (approx.
20bar) and the whole process forms a closed loop. Helium-CO; gas
mixture (45% CO, in helium balance) was used as a surrogate for H-
CO, mixture. CO,/He separation data has been commonly used to
predict CO,/H, separation performances due to the similar molec-
ular sizes and solubility of H, and Helium in various absorbents
(Jie et al., 2013, 2014). Furthermore, from the safety point of view,
the usage of Helium can avoid the leakage-related problems espe-
cially when the process is performed at elevated temperatures and
pressures. A report from this work has been published on the com-
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parison of using polymeric porous and composite membranes in
the membrane contactor. The advantages and disadvantages were
analyzed (Dai et al., 2016b).

The present work focuses on the membrane absorption using
a porous glass membrane with IL absorbents at elevated tempera-
ture and pressure in the designed process. A membrane contactor
setup with automatically control and recording system was in-
house designed for this work. [Bmim]|[TCM] and a tubular glass
membrane were selected as the CO, absorbent and membrane
phase, respectively. The effects of the operating parameters on
the CO, absorption performances were also systematically stud-
ied, including gas flow rate (50-200 ml min—!), temperature (from
room temperature to 80 °C) and pressure (from atmospheric pres-
sure to 20 bar). Moreover, the overall mass transfer coefficients
was determined experimentally and were compared with the Kyy
estimated from the resistance in series model with and without
wetting. The contributions of the mass transfer resistances from
gas, membrane and liquid phases were also analyzed.

2. Mass transfer in a membrane contactor

In membrane absorption the overall gas mass transfer encoun-
ters three resistances, i.e. gas film resistance, membrane resistance,
and liquid film resistance. For a membrane contactor with gas on
the shell side and liquid absorbent on the lumen side, the overall
transfer coefficient on the basis of the overall gas phase molar con-
centration difference (Ky,) can be expressed through a resistance
in series model (Khaisri et al., 2009):

11, do | do
KO]/ B Hk[ kmdln kgd,‘

(1)

Where Ky, is the overall mass transfer coefficient (ms=1), k;, km,
and kg represent the liquid phase, membrane phase, and gas phase
mass transfer coefficient (ms—1), respectively, while d,, d;, and dj,
are the outside, inside, and log mean diameters of the membrane,
respectively. H is the distribution coefficient (dimensionless) and
can be calculated as from Eq. S(1) in the Supporting information.

2.1. Mass transfer in the gas phase

For gas flowing on the shell side parallel to the membrane, the
mass transfer coefficientin the gas phase can be estimated as shown
in Eq. (2) (Li and Chen, 2005):

0.93
v 13 divg Dy

kg = 125(@) (W) d, (2)
Where vy is the kinematic viscosity (m? s~!) and can be expressed
as vg = ‘;—gg, (g is the dynamic viscosity of the gas (Pa s or N s m?
or kg m~1's~1), and pg is the density of the gas (kgm—3). dj, is the
hydraulic diameter (m), vy represents the gas velocity (ms=1), L
denotes the length of the membrane (m), and D j, is the bulk gas
diffusivity (m2 s~1), which can be calculated from Eq. S(3).

2.2. Mass transfer in the membrane phase

Mass transfer coefficient in the membrane phase can be
expressed as Eq. (3) (Kreulen et al., 1993):
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Where kmg and kp,; are the mass transfer coefficient of the gas-
filled pores (ms~1) and liquid-filled pores (ms~1), respectively. ¢
is the membrane wetting ratio, referring to the percentage of the

Table 1

Specifications of the membrane contactor.
Parameter Value
Membrane module length (mm) 300
Effective membrane length (mm) 260
Membrane i.d. (mm) 10
Membrane o.d. (mm) 104
Number of membranes 1
Pore size (nm) 100
Porosity 0.57

Fig. 1. SPG glass tubular membrane and membrane module.

total length of all the pores filled with the liquid, and k,;; can be
calculated from Eq. (4):

Dl8
5T
Where D is the gas diffusivity in the liquid (m?s~1) and &, is the
membrane porosity, 8, is the membrane thickness (m), T, is the
membrane tutorosity (dimensionless), and kmg can be calculated
from Eq. (5) (Boributh et al., 2011):

D¢ mée
kmg= %? (5)

(4)

ki =

Where Dg , is the effective gas diffusivity in the membrane
(m2s~1) and can be calculated from Eq. S(4).

2.3. Mass transfer in the liquid phase

Mass transfer coefficient k; in the liquid phase can be expressed
using the Leveque correlation (Yang and Cussler, 1986) as shown
in Eq. (6):

1/3
) "Dy (6)
DL’ d;
Where v; is the liquid phase velocity (ms~1), D; is the gas diffusiv-
ity in liquid (m? s~1) and can be calculated from Eq. S(6), d; is the
inner diameter of the membrane (m), and D; is the CO, diffusivity
in [Bmim][TCM], which can be obtained from Eq. S(6).

ki = 1.62(

3. Experimental
3.1. Materials

The [Bmim][TCM] was purchased from Iolitec (Germany) and
used without further purification. The nitrogen (99.99%) and gas
mixture (45% CO, in helium balance) cylinders were purchased
from AGA (Norway). The microfiltration glass membranes (tubu-
lar geometry) and membrane module were purchased from SPG
Technology Co. Ltd, Japan. The surface of the skin layer was spe-
cially treated to be hydrophobic by the supplier. The specifications
of the membrane and membrane contactor are shown in Table 1.

Fig. 1 shows the SPG tubular membrane and membrane module.
Instead of the commonly used glue-sealing method, this module
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employs four O-rings to seal the membrane with metallic mem-
brane housing.

3.2. Materials characterization

The thermal stability of the materials used in the present
research was investigated with a thermo-gravimetric analyzer
(Q500, TA instrument). Samples with the amount of around 10 mg
were tested with a N, sweep flow of 60 ml min—! and a heating rate
of 10°Cmin~'. In addition, in order to investigate the wettability
of the membrane in the presence of the [Bmim][TCM], the con-
tact angle of the [Bmim][TCM] on the membrane was measured
by using a contact angle goniometer (Attension Theta, Biolin sci-
entific). A liquid drop with a volume of 3-5ml was used, and the
contact angle was calculated by averaging the left and right con-
tact angles. The possible morphological change of the membrane
surface on the liquid contact was investigated through a scanning
electron microscope (SEM, TM3030 Tabletop Microscope, Hitachi
High Technologies America, Inc). The samples were sputter coated
with gold for 1.5 min prior to the SEM to ensure a good electronic
conductivity. In the SEM study, an electron beam intensity of 15 kV
was employed and a back-scattered electron (BSE) signal was used.

3.3. Experimental setup

An in-house-made membrane contactor test rig suitable for ele-
vated temperatures (up to 200 °C) and pressures (up to 20 bar) was
used to investigate the performances of the membrane absorption
under various conditions (as illustrated in Fig. 2).

The feed gas mixture (CO,/He 45/55vol.%) and the ILs were
fed through the shell side and lumen side of the tubular mem-
brane counter-currently. A 2L piston accumulator (Parker, Norway)
instead of a pump was employed to inject the liquid into the sys-
tem. This device enabled the system to maintain a high pressure (up
to 20 bar) with a small flow rate (e.g. 10-20 mlmin~') and to avoid
fluctuation as well as to precisely control the operating parameters
in a broad range. The gas and liquid flow rates were controlled by
two mass flow controllers (Bronkhorst, Netherland). The gas and
liquid side feed pressures were controlled by two back-pressure
controllers (Swagelok, Norway) installed downstream of the mem-
brane module, and the pressure could be adjusted between 1-20
bar. The gas and liquid phase pressures were measured by four
digital manometers (Keller, DA-35XHTC, precision: 0.5% full scale,
Switzerland). To avoid any liquid getting into the gas analyzer in
case of breakthrough of the liquid into the gas phase, the gas phase
outlet was connected to a liquid trap. The membrane module was
placed in a ventilated oven with a temperature control from room
temperature to 80 °C. Both the liquid and gas feed were pre-heated
before being sent to the membrane absorber. The temperatures
were detected by two temperature sensors (Max Sievert, Pt100
3-wire Clas A element, precision: +0.2°C) to make sure the feed
reached the desired temperature before being sent to the absorber.
The compositions of the gas mixture in the feed and in the reten-
tate were analyzed using an on-line gas analyzer (GSM810, SICK
AG, Germany).

The CO, absorption flux and overall mass transfer coefficient can
be calculated by Eqgs. (7) and (8), respectively (Wang et al., 2005).

_ QgiCgi — Qgout Cgout

Neg, = ~S-8——Foucsont ™)

NC02 = Kexp A Cg (8)

Where Qg j; and Qg oyt are the inlet and outlet gas flow rates in
m3 s—1, respectively, Cg.in and Cg ouecTepresent the gas phase CO, con-
centrations in mol m3 at the inlet and outlet, respectively, which are
calculated using the sour SRK model from Aspen Hysys (Yokozeki

et al., 2008), and A denotes the active membrane area in m2. AC

is the logarithmic mean driving force based on the gas-phase con-

centration, and can be described as in Eq. (9):

AC, — Cgi — Cgout
&= T g

In(2)

Cgout

(9)

4. Results and discussion
4.1. Ionic liquid and membrane screening and characterization

4.1.1. lonic liquid screening and characterization

The selection of the absorption liquid is a key in achieving an effi-
cient selective separation. There are many different properties that
need to be considered for a qualified absorbent candidate, including
thermal and chemical stability, viscosity, CO, solubility and selec-
tivity over other gases. In the absorbent selection, all these aspects
are needed to be considered. However, no perfect candidate can
fulfill all these requirements, so the target in this study is to find an
optimized combination of these properties. Imidazolium-based ILs,
especially [Bmim] (1-butyl-3-methylimidazolium)-based ILs, are
the most commonly studied ILs for CO, absorption. Several [Bmim]-
based ILs were selected and their properties are listed in Table 2 for
comparison. Henry’s law constant is used to express gas solubil-
ity in physical absorption ionic liquids (Anthony et al., 2002b; Lei
et al., 2014). A smaller Henry’s law constant value denotes higher
gas solubility.

Table 2 lists the CO, solubility, thermal stability (Top-set),
and viscosity of several [Bmim]-based ILs. As shown in Table 2,
[Bmim][TCM] shows much lower viscosity at room tempera-
ture compared to other commonly used ILs such as [Bmim][BF4],
[Bmim][PFg], and [Bmim][Tf,N]. Only [Bmim][DCA] shows a com-
parable viscosity to [Bmim][TCM] but with a lower CO, sorption
capacity in view of the larger Henry’s law constant. In terms of CO,
solubility, [Bmim][TCM] shows a relatively lower Henry’s law con-
stant (4.84 MPa) compared to other ILs, with the only exception of
the [Bmim][Tf;N] (3.30 MPa), which, however, has a 3 times higher
viscosity. Overall, compared to other physical ionic liquids consid-
ered for the application, [Bmim][TCM] holds the lowest viscosity,
reasonably good thermal stability and high CO, solubility, is thus
selected as the CO, absorbent in this study.

The long-term thermal stability of [Bmim|][TCM] at 80°C, 100 °C,
and 150 °C was tested in the TGA for 300 min, detailed results were
shown in Fig. S1(B). In the three thermal stability tests, the weight
loss percentage of all the samples was lower than 0.2% after 6 h,
and no color change in the solvents was observed, meaning that
[Bmim][TCM] has long-term thermal stability for an operating tem-
perature up to 150°C.

4.1.2. Membrane screening and characterization

Selecting a good membrane is logically important for an
efficient membrane contactor. Through proper surface mod-
ification, inorganic membranes (e.g. ceramic membrane, SPG
(Shirasu-porous-glass)) glass membrane can gain fairly good
hydrophobicity and high contact angles (Koonaphaptleelert and Li,
2007; Vladisavljevic et al., 2005). In addition, inorganic membranes
normally have better thermal and chemical stability compared to
polymeric membranes, which is of critical importance for high-
temperature applications. Glass membranes feature a uniform pore
size and high porosity, and their glass surface can easily be treated
to be hydrophobic (Vladisavljevic et al., 2005). These are important
characteristics for membrane contactor applications to prevent
membrane pore-wetting. In the present study, a hydrophobic SPG
glass membrane purchased from SPG Technology Co. Ltd, Japan was
used. This membrane has a much higher porosity as well as a much
sharper pore size distribution compared to many ceramic mem-
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Fig. 2. Schematic representation of the experimental membrane contactor setup used for the CO,/He separation. MFCG and MFCL represent the mass flow controller for
gas and liquid, BPRG and BPRL denote the backpressure regulator for gas and liquid, and MFMG and MFML are the mass flow meter for gas and liquid, respectively. P and T

represent the pressure and temperature sensors.

Table 2
Comparison of the different properties of [Bmim]-based, commercially available ILs at room temperature.
ILs Viscosity (mPas) Ton-set (°C) Hcoz (MPa) Huz (MPa)
[Bmim][BF4] 132 (Tomida et al., 2006) 380 (Erdmenger et al., 2008) 5.58 (Camper et al., 2006) 197.4 (Jacquemin et al., 2006)
[Bmim][PFg] 382 (Tomida et al., 2006) 349 (Huddleston et al., 2001) 5.34 (Anthony et al., 2002a) 435.0 (Sharma et al., 2009)
[Bmim][Tf,N] 100 (Ohno and Yoshizawa, 2002) 427 (Tokuda et al., 2005) 3.30 (Anthony et al., 2005) 133.4 (Jacquemin et al., 2007)
[Bmim][DCA] 28.8 (McHale et al., 2008) 300 (Fredlake et al., 2004) 5.59 (Carvalho et al., 2009) -
[Bmim][TCM] 27.8 (Zubeir et al., 2015) 334.55 (Zubeir et al., 2015) 4.84 (Zubeir et al., 2015) -
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Fig. 3. Thermal stability test of the SPG glass membrane at different temperatures.

branes (Table 1). The long-term high-temperature stability of the
membrane was tested for 10 h at 150 °C through a TGA experiment
as shown in Fig. 3.

The weight loss of the glass membrane at temperatures lower
than 120°C over the investigated period was less than 0.4% over
10 h. After an initial decrease likely related to the residual moisture
in the porous structure, a negligible weight loss was observed. Even
after increasing the temperature to 150 °C, the weight lossover 10 h
remained less than 1%, demonstrating a good thermal stability of
the glass membrane for temperatures higher than the maximum
operating temperature considered in the present study (80 °C).

The surface morphology was characterized through SEM anal-
ysis in order to study the effect of the contact between the
[Bmim][TCM] and the glass membrane under elevated tempera-
tures. The surface and the cross-section of the glass membrane
before and after being tested for several runs were studied by SEM
and the results can be found in Fig. S2.

BmimTCM Water

Fig. 4. Contact angle of [Bmim][TCM] and water on the SPG glass membrane before
and after several tests.

It is commonly reported that the surface morphologies of poly-
meric membranes showed significant changes due to membrane
wetting or degradation induced by solvents, even only after oper-
ating at room temperature and atmospheric pressure (Wang et al.,
2005). In the present work, however, no evident changes could
be observed after the membrane was tested at 80°C and 20 bar
[Bmim][TCM] for more than 30 h, indicating that [Bmim][TCM] has
a negligible effect on the porous structure of the hydrophobic glass
membrane.

Contact angle measurements were carried out to further confirm
the absence of relevant pore wetting and degradation phenom-
ena, suggested from the observation through the SEM observations.
Fig. 4 shows the contact angles of the inner surface of the glass
membranes using [Bmim][TCM] and water as the liquid phase
before and after 10 runs of the absorption tests. There were only
slight decreases in the contact angle for both [Bmim][TCM] and
water before and after the tests, and the variation is within the
experimental error. Itis reasonable to assume that the contact angle
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will not further decrease with a longer operating time, suggesting
that the membrane is stable in [Bmim][TCM] for long-term testing.

Membrane wetting is one of the main challenges in a gas/liquid
membrane contactor. Theoretically membrane wetting can be
avoided by controlling the gas-liquid phase pressure difference
within a range that can be calculated by the Young-Laplace equa-
tion. The critical entry pressure of the membrane can be calculated
based on contact angle, surface tension and pore size as shown in
Eq. (10) (Mosadegh-Sedghi et al., 2014):

_4n cos(0)
dp

Where AP, represents the critical entry pressure (breakthrough
pressure), ¥, 6 and d, represent the surface tension of the liquid,
the contact angle between the liquid phase and the membrane and
the membrane pore diameter, respectively.

AP = (10)

4.2. Effects of operating parameters

The key operating parameters in the membrane absorption pro-
cess generally include liquid and gas flow rates, operating pressure,
temperature, and module geometry. In the present case, however,
due to the volumetric limitation of the piston accumulator (2 1) used
to inject the absorbent into the test rig, and the minimum time for
the stabilization of the system (~30 min), the liquid flow had to be
fixed as 20 mlmin~1, while the gas flow rate, operating tempera-
ture, and pressure were varied to investigated their effects on the
gas separation performances. The minimum testing gas flow rate
is set as 50mlmin~! to obtain the real-time gas composition, as it
will take more than 15 min to stabilize the gas analyzer if the gas
flow rate is lower.

4.2.1. Effects of operating temperature

Most of the reported membrane contactors for CO, capture
operate at room temperature, as the vapor pressure of conventional
solvent (e.g. MEA and water) is too high at elevated temperatures
(e.g. 80°C), and consequently the solvent loss increases signifi-
cantly. However, temperature has a negligible effect on the vapor
pressure of ILs in the investigated range in this study, as many ILs
have their boiling points close to or even higher than their decom-
position temperature (Rebelo et al., 2005). Therefore, it is possible
to use ILs in a membrane contactor at elevated temperatures. In
this study, the maximum testing temperature is determined to be
80°C to ensure a sufficient absorption/desorption cyclic CO, sorp-
tion capacity (desorption at 120-140 °C). The long term stability of
the sealing material (rubbery O-ring in this work) in ILs is also an
important consideration.

The increase of operating temperature in IL-based absorption
process has two opposite effects: on one hand, it significantly
reduces the viscosity of ILs, thus promoting CO, diffusion; on the
other hand, it reduces the CO, solubility in the solvent, as Henry’s
law constant is negatively affected by the temperature increase
if no chemical reaction is involved (Lei et al., 2014; Okoturo and
VanderNoot, 2004). It is of critical importance to investigate the
influence of temperature on the membrane absorption process and
to determine the optimal operating temperature, especially for
high-temperature applications such as syngas separation in this
study. As reported in (Zubeir et al., 2015), the viscosity and Henry
constant of [Bmim][TCM] are both temperature dependent and fol-
low Eqgs. S(2) and S(7), respectively.

The CO, diffusivity in the liquid phase and Henry constant are
calculated from the two equations, and their plots with tempera-
ture in the range of room temperature to 80°C are shown in Fig. 6.
As reported in Zubeir et al. (2015), the viscosity of [Bmim][TCM]
decreases from 27.8 mPas to 5.83mPas when the temperature
increases from RT to 80°C. As a consequence, the CO, diffusivity

CO, diffusivity (m*s™)
T i

w
1

(edIN) Juejsuod me| s AiusH

Temperature(°C)

Fig. 5. Effect of temperature on CO, diffusivity and Henry’s law constant. Data of
viscosity and Henry’s law constant was collected from ref (Zubeir et al., 2015), CO,
diffusivity in the liquid side was calculated from Eq. S(6).
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Fig. 6. Effect of temperature on Ko and CO, flux. (Experimental conditions:
Qgas =50 mlmin~!, Qjiquia =20 mImin~1, P=1Dbar).

in the liquid phase shows a two-fold increase, as can be seen in
Fig. 5. The temperature increase also shows a positive effect on the
gas diffusivity in the gas phase, as the Dg increases about 1.4 times.
However, the Henry’s law constant of [Bmim][TCM] increases
from 4.84 MPa to 11.4 MPa with the temperature increasing in the
investigated temperature range, indicating that temperature has a
negative effect on the CO, solubility in [Bmim][TCM].

As Koy is a function of kj, km, and kg, and CO; solubility and
diffusivity are the two key parameters for the three mass transfer
coefficients, the effect of temperature (under atmospheric pres-
sure) on the overall mass transfer coefficient was studied, as shown
in Fig. 6. With the temperature increasing from RT to 80°C, the
overall mass transfer coefficient (Kqy) estimated from the resis-
tance in series model (shown in Equation (1)) decreases from
1.76 x 1075 ms~1t01.56 x 10-6 ms~1, suggesting that the CO, sol-
ubility has a larger impact on the overall mass transfer coefficient
than the CO, diffusivity. A clear reduction in the Kexp obtained from
experiment data can be also observed within the investigated tem-
perature range. The Koy fits well with the experimental data (Kexp)
atroom temperature, but a deviation is observed for Koy and Kexp at
higher temperatures. This behavior may be attributed to the occur-
rence of gradual partial wetting of the membrane (penetration of
the liquid into the pores of the membrane and occupying a certain
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ratio of the channel), as the surface tension of the [Bmim][TCM]
decreases with increasing temperature (Zubeir et al., 2015), mak-
ing the penetration into the membrane pores easier. The Kqy from
this work is about one magnitude lower than the Koy, obtained
from aqueous amine solutions at room temperature, mainly due
to two reasons; first, the absorbent in this study is a physical sol-
vent with no chemical reaction involved (Lu et al., 2010); second,
the high viscosity of the [Bmim][TCM] resulted in low gas diffusiv-
ity in the liquid phase (Dindore et al., 2004a). Nevertheless, the Koy
obtained from this study is comparable with the value reported in
membrane contactors using other physical sorption-type ILs such
as [Emim][EtSO4] (Albo et al., 2010).

Fig. 6 also shows the temperature dependence of the CO, flux
in the membrane absorption process. Although CO, diffusivity
increases with the increasing temperature, the CO, flux through
the membrane exhibits a sharp drop at high temperatures, indi-
cating that the CO, solubility reduction in the IL dominates the
absorption process at high temperatures. The CO, flux reduces from
3.09 x 10> molm2s~1t02.13 x 10~> mol m—2 s~! when the tem-
perature increases from RT to 80 °C. Nevertheless, the membrane
contactor shows stable separation performances even at 80°C,
while at the same temperature aqueous absorbents (e.g., amines)
will suffer a high solvent loss due to the massive evaporation of the
absorbents. Another common challenge in using aqueous or volatile
organic solvents is the condensation of the vapors in the membrane
pores and the consequent membrane wetting, which, due to ILs’
intrinsic negligible vapor pressure, can be avoided when using ILs
as absorbents. As the viscosity of [Bmim][TCM] is relatively low in
the investigated temperature range in this study (5-30 mPas), the
viscosity has alimited influence on the diffusivity. However, if using
ILs with a higher viscosity (e.g. [Bmim|[PFg] and [Bmim][PF4]), the
influence of viscosity in the low-temperature range should be con-
sidered.

4.2.2. Effects of operating pressure

Despite a large number of publications on CO, absorption using
membrane contactors, most of the reported membrane contactors
operate at relatively low pressures (close to atmospheric pressure)
and normally aimed at capturing CO, from flue gas. In the present
study, however, the target application is syngas separation, which
operates at a pressure of up to 20 bar. It is therefore important to
investigate the influence of the pressure on the separation perfor-
mances of the membrane contactor. When operating at elevated
pressures in membrane contactors, particular attention must be
paid on the control of the pressure differences between the lig-
uid and gas phases to avoid membrane wetting. The effects of
the operating pressure are studied both theoretically and through
experiments. It is found to be more challenging to maintain the
right pressure differences to avoid wetting at elevated pressures.

According to Eqs. S(3) and S(4), increasing operation pressure
reduces the gas diffusivity in gas phase and membrane phase; a
reduction of more than one magnitude was obtained for gas phase
diffusivity, as shown in Fig. 7.

Nevertheless, due to the increase of driving force, a great
enhancement of CO, flux with increasing pressure is observed, as
shown in Fig. 8; an approximately 4-7-fold increment by increas-
ing the operating pressure from atmospheric pressure to 20 bar was
recorded at various operating temperatures (RT-80°C).

In the low-pressure range (<10 bar) the CO, fluxes are very sim-
ilar for all temperature. Little effect of temperature can be found.
However, the CO, flux increases more slowly at higher tempera-
tures (60 and 80 °C) when the pressure is above 10 bar. One reason
could be the lower CO, sorption capacity at higher temperatures,
and another possible explanation could be the fact that the surface
tension of the ILs decreases when increasing the operating tem-
perature, and hence the membrane wetting could be more serious
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Fig. 7. Effect of operation pressure on gas and membrane phase gas diffu-
sivity. (Experimental conditions: T=80°C, wetting ratio=0, Qg =50mlmin!,
Qiiquid =20 ml min~1).
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Fig. 8. Effect of operating pressure on CO, flux. (Experimental conditions:
Qgas =50 mlmin~!, Qjigyig =20 mImin=1, T=22°C).

at higher pressures. Nevertheless, the effects of operating pressure
seem more significant than that of the temperature on the CO, flux.
For example, the CO, flux decreases approx. 40% with the temper-
ature increasing from RT to 80 °C, while at 80 °C, by increasing the
operating pressure from 1 bar to 20 bar, the CO, flux increased from
about 2.12x 10 molm=2s-! to 10.4 x 10-5molm~2s~!, corre-
sponding to a 5-times increase.

In this study, both the CO; flux and Koy are much higher com-
pared to reported membrane contactors using other ILs (e.g., a
process using [Emim][EtSO4]) (Zubeir et al., 2015). The lower vis-
cosity of [Bmim][TCM] (27.8 mPa s at 298.2 K) (Schmidtet al.,2012)
compared to [Emim][EtSO4] (97.2mPa s at 298.2K) may be the
main contribution to this improvement (Zubeiretal.,2015). The rel-
atively higher CO, solubility in [Bmim][TCM] Henry’s law constant
for [Bmim|[TCM] and [Emim][EtSO4] is 5.33 MPa and 6.07 MPa at
303.2 K, respectively (Jalili et al., 2010) and (Zubeir et al., 2015) also
contributes to the higher CO, fluxes.

However, the overall mass transfer coefficient retrieved by the
resistance in series model (Koy) and the experimental data (Kexp)
does not correlate well as in the previous case at a low pressure,
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Fig. 9. Effect of pseudo-wetting on the performance of the membrane contactor.
(Experimental conditions: Qgas =50 mlmin~"!, Qjquia =20 ml min~—', T=22°C).

and the theoretical flux results are always higher than the results
obtained experimentally (shown in Fig. 9). Membrane wetting may
start at a relatively higher pressure. To investigate the influence of
pseudo-wetting at high pressures (Faiz et al., 2014), Koy was also
calculated by considering 1% and 3% pseudo-wetting and compared
with the Kexp, as can be seen in Fig. 9.

As shown in Fig. 9, the 1% pseudo-wetting generates a 22%
decrease in Koy. When 3% pseudo-wetting conditions are consid-
ered, Koy is reduced from 1.75 x 1075 ms~1 to 1.02 x 10~ ms~1.
However, this value is still much higher compared with the experi-
mental value at 20 bar (0.365 x 10~ ms—1). Hence, there must have
been more than 3% membrane wetting in the membrane contactor
at 20 bar. Extra effort must be made to prevent membrane wetting
for membrane absorption at elevated pressures. It is important to
control the pressure difference through the porous membrane to
be lower than the membrane wetting pressures. By using the con-
tact angle (over 105° at RT), membrane pore size (100 nm) and
[Bmim][TCM] surface tension (~47mNm~! at RT (Zubeir et al.,
2015)), the critical entry pressure can be calculated from Eq. (10)
(Mosadegh-Sedghi et al., 2014). For the glass membrane used in
this study, the penetration pressure is over 5 bar by calculation. In
addition, the liquid phase pressure drop (lower than 0.3 bar) and
gas phase pressure drop (lower than 0.2 bar) along the membrane
module were obtained in the experimental system. However, even
though the gas and liquid stream outlet pressures of the membrane
module were carefully controlled to be the same (the maximum
pressure difference between gas and liquid phase is lower than
0.5 bar), membrane wetting was still observed. One possible rea-
son is the existing of the membrane defects. The leaked ILs into
the gas phase through the defects may block some pores from the
gas side of the membrane and causing partial wetting. One option
to reduce/avoid membrane wetting is to use thin film composite
membrane with a dense top layer (Scholes et al., 2015); it is stud-
ied in another project and a comparison of the two processes was
reported elsewhere (Dai et al., 2016b).

Theoretically the increase in operating pressures can reduce the
overall mass transfer resistance, as the gas diffusivities in both gas
and membrane phase decrease with the increase of pressure, and
consequently the kg and kn, are both reduced at a higher pressure.
The effect of operation pressure on the mass transfer coefficients
can be seen in Fig. 10(A).

The estimated percentage mass transfer resistances are given
in Fig. 10(B). The impact of operating pressure on the overall mass
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Fig. 10. Effect of operation pressure on mass transfer coefficient (A) and percentage
mass transfer resistance (B) in gas and membrane phase. (Experimental conditions:
T=80°C, wetting ratio=0, Qgas =50 mI min~!, Qjiqyia =20 mImin~1).

transfer coefficient seems not significant based on the calculation;
Koy remains nearly constant along the investigated pressure range
as the overall mass transfer resistance is mainly contributed by the
liquid phase. Conversely, Kexp from the experiment (presented in
Fig. 9) decreases dramatically as the operating pressure increases,
suggesting that wetting probably have taken place under higher
pressures. Membrane wetting can largely reduce the mass trans-
fer coefficient in membrane phase and the overall mass transfer
coefficient (Fig. 11(A)). Within only 1% and 3% pseudo-wetting,
the contribution of membrane phase in the overall mass transfer
resistance significantly increases, as shown in Fig. 11(B).

4.2.3. Effects of the gas flow rate

Another key parameter in membrane absorption processes is
the gas flow rate inside the membrane module. Fig. 12 shows the
CO, fluxes and overall mass transfer coefficients as a function of
gas flow rate at 20 bar and 80°C.

As expected, the CO, flux increases significantly as the gas flow
rate increases from 50 mlmin—! to 200 mlmin—!, as can be seen
from Fig. 13. Kexp also significantly increases with the increasing
gas flow rate. This suggests that a relatively high gas flow may effec-
tively enhance mass transfer. However, in practice the gas flow rate
needs to be optimized to maintain a high CO, removal efficiency
and meet the outlet gas specification. It is worth mentioning that
even with a gas flow rate at 200 ml min~!, Kep is still lower than
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Kov estimated from resistance in series model when considering
the pseudo-wetting, indicating the occurrence of partial membrane
wetting.

Generally, a higher gas flow rate leads to higher CO, flux as it
offers a higher overall mass transfer coefficient on the gas phase,
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Fig. 13. Effect of gas flow rate on mass transfer coefficient in gas and mem-
brane phase (a) and percentage mass transfer resistance (b). Operation conditions:
T=80°C, wetting ratio=0, P=20 bar, Qjiquia =20 mI min~1.

as shown in Fig. 13(A). However, the contribution of the gas phase
mass transfer resistance is not significant to the overall mass trans-
fer resistance (see Fig. 13(B)), which explains that increasing gas
flow rate has limited enhancement effect on the overall mass trans-
fer coefficient (Koy ).

Generally speaking, the liquid side mass flow rate should give
more significant influence on the overall mass transfer than the
gas flow rate. However, due to the limitation of the piston accu-
mulator and the time need to stabilize the system and ensure the
steady state, in this study the liquid flow rate had to be fixed at
20 mlmin—'. Nevertheless, attempts have been made to putacylin-
drical spacer into the center of the glass membrane in order to
increase the liquid flow rate and promote the liquid side turbulence.
Indeed, the liquid phase mass transfer was enhanced remarkably;
the CO; flux is around 1.3-1.5 times higher than membrane contac-
tor without spacer at the same operation conditions. However, the
liquid phase pressure drop along the membrane module increases
significantly as well, which makes it extremely difficult to control
the pressure balance and avoid membrane wetting. The optimiza-
tion of the membrane module configuration will be studied in the
future work.
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5. Conclusion

This work investigated the separation performances of an ionic
liquid based membrane contactor for pre-combustion CO, capture
atelevated temperatures and pressures. [Bmim][TCM] was selected
as the effective absorbent in the process. Experimental overall
mass transfer coefficients (Kexp) of 0.365-1.01 x 10-® ms~! were
obtained at elevated pressure (20bar) and temperature (80°C),
while due to the big driving force offered by the relatively high oper-
ating pressure, a CO, flux of 10.4-24.9 x 10~ molm=2s-1 were
obtained. Experimental overall mass transfer coefficients (Kexp ) and
model predictions (Koy) show good agreement at low pressures.
However, deviations were observed at higher operating pressures,
indicating the occurrence of membrane wetting in the membrane
contactor. It is found that operating pressure plays the key role
while temperature has a much less significant effect on the mem-
brane contactor separation performance.

However, experimental results show that the membrane con-
tactor has undergone wetting problems at high pressures in this
work, which makes the process less efficient. It is therefore of great
importance to prevent membrane wetting to ensure high separa-
tion efficiency. The use of membranes with a highly CO, permeable
thin non-porous top layer may eliminate membrane wetting while
keeping a low mass transfer resistance: this study is still on-going.
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