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Abstract
This work evaluates the viability of a two stage process using a nitrogen selective membrane
and a carbon dioxide selective membrane for post-combustion CO2 capture. A novel cellulose
acetate hybrid (CLSICA) membrane was developed with introduction of p-tert-butylcalix [4]
arene immobilized silica (CL-Si) as filler. Gas permeation experiments of hybrid (CLSICA)
membrane revealed its nitrogen selective character. A Fixed Site Carrier (FSC) membrane
(PVAm cast on a porous polysulfone (PSf) support) has great potential to be used asCO2
selective membrane. Based on the mentioned two membranes, a two stage membrane process
is proposed in which N2 selective membrane is used in 1st stage while a CO2 selective
membrane is used in 2nd stage. The techno-economic analysis show slower value of energy
consumption (1.0 MJ/kg CO2) and CO2 capture cost ($ 20.5/ton CO2) by employing N2 selective
and CO2 selective membrane. The concept of using modified silica with calixarene for the
fabrication of hybrid CA membrane is novel and its viability for post-combustion CO2 capture
application has been reported first time.
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1.

Introduction

The growing public concern on global warming plays a pivotal role to develop economical and
environmental friendly techniques for CO2 capture and storage. There are three major areas
where CO2 capture is more viable, namely; power generation (which is responsible for over
29% CO2 emissions), industrial processing and fuel (natural gas) processing. Amine absorption
is conventionally used as CO2capture technology, apart from some technical challenges in
terms of higher energy costs and environmental impact. Membrane based CO 2 capture
processes offer a great potential for CO2 capture, despite few limitations in terms of their
sensitivity towards high temperature/pressure and severe process conditions. Nevertheless
membrane processes offer the benefit of their low capital investment, small footprints, ease of
scale-up and low energy requirement. Process design and technical ease related to the process
operation, along with CO2 capture cost is a decisive factor while selecting the suitable capture
technology. Numerous polymers have been used to fabricate membrane for CO2 capture
application including polyimide, polyamide, polyvinyl amine, polyvinyl alcohol, polyvinyl acetate
and cellulose acetate [1].There are only handful commercially available polymers for membrane
fabrication because of the fact that lab scale synthesis of polymers to commercial scale
production is very expensive [2]. It is vital that membrane has both good CO2selectivity and
permeability to overcome the trade-off between permeability and selectivity [3]. It also needs to
be easy to manufacture at a low cost [4]. Therefore selection of polymers, solvents and
additives for membrane synthesis plays a vital role in the permselectivity of membrane.
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2.

Membranes for post-combustion CO2 capture

2.1.

N2-selective (CLSICA) membrane

Hybrid membranes are a facile alternative to address the problem of low permselectivity. In this
approach, inorganic media is added as filler in polymeric matrix to enhance both its selectivity
and mechanical strength [5]. Calixarene is a synthetic supra-molecule, mainly recognized for its
typical host-guest interaction with ionic as well as neutral guest species [6]. Immobilization of
calixarene on to silica particle is beneficial in terms of its selectivity and reusability. The thermal,
chemical and physical stability of silica under many experimental conditions make it suitable for
filler purpose in gas separation. N2-selective membrane is synthesized by incorporating silica
(Si) and p-tert-butylcalix [4] arene immobilized silica (CL-Si) (see in Figure1) into CA matrix to
explore their efficiency in gas permeation. Both CL-Si were introduced into CA matrix as filler
following diffusion induced phase separation (DIPS) method [7].Three different concentrations
(3wt%,10wt%,30wt%) of CL-Si were blended with CA along with synthesis of pure CA
membrane, which are nominated as M(c), M(d), M(e) and M(a) respectively. Si/CA hybrid
membrane is indicated by M (b).Gas permeation experiments were carried out to examine the
effect of impregnation of silica with calixarene. The CO2, CH4 and N2 gases permeation
behaviour of prepared membranes are presented in Figure 2-3.

Figure 1. p-tert-butylcalix[4]arene immobilized silica.

It is evident from Figure 2 and 3 that CO2 and CH4permeance in Si/CA and Si-CL/CA
membranes are lower in comparison to pure CA. However, N2 permeation of both Si/CA and SiCL/CA membranes are high relative to pure CA. Figure 3 shows that N2/CO 2 selectivity
increases linearly with rise in Si-CL filler concentration while N2/CH4 selectivity firstly increases
then drop at 30% Si-CL filler concentration. The possible explanation of this observation is
intermolecular interaction of impregnated calixarene moiety with CO2 that blocks its permeation
through Si-CL/CA membrane. Conversely high N2 permeation is expected due to its small
kinetic radii relative to both CH4 and CO2.
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Figure 2: Permeance of different gases via fabricated membranes at 400kPa feed pressure [M(a): Pure CA,
M(b): Si/CA hybrid, M(c): 3wt% CL-Si, M(d): 10wt% CL-Si, M(e): 30wt% CL-Si ].

Figure 3. Selectivity of different gases via fabricated membranes at 400kPa feed pressure.

2.2.

CO2-selective (FSC) membrane

Polymeric fixed-site-carrier (FSC) membranes have carriers covalently bonded directly to the
polymer backbone; hence the carriers have restricted mobility and therefore more stable.
Amines are one of the possible carriers for CO2 capture in FSC membranes. The transport
mechanism illustrated in Figure 4 suggests that the CO2 reacts with the water and form
bicarbonate. The water will at the same time protonate the primary amine in the polyvinylamine.
The bicarbonate will hop from amine to amine sites and then will convert back into CO 2 by
reversible reaction and CO2 is released at the permeate side. [8].
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Figure 4. Schematic transport through FSC membrane.

FSC (fixed-site-carrier) membranes have shown a promising performance in terms of high flux
as well as high selectivity in favour of CO2 [4]. PVAm based FSC membrane has been
developed for the specific purpose of CO2 capture from flue gas [8-12]. The membrane consists
of a selective layer of polyvinylamine (PVAm) on a microporouspolysulfone (PSf) support. The
membrane has previously showed a selectivity for CO2/N2 of 200 and a CO2 permeance up to 1
m3 (STP)/m2 h bar [10-12].
3.

Principle of membrane gas separation

The principle of membrane gas separation is based on Solution-Diffusion Model, which is widely
accepted transport mechanism for gas permeation through polymer membranes [13]. The
governing flux equation for the permeation (eq. 1) is based on Fick’s law where driving force is
the difference in partial pressures over the membrane. The flux, J (m3 (STP)/m2h), is expressed
as,
q p ,i
Am



q p y p ,i
Am

 Ji 

Pi
l

 ph xi  pl yi 
(1)

where qp is the volume of the permeating gas (i) (m3 (STP)/h), Pi is the permeability of gas
component i (m3 (STP)m/(m2.h.bar)), l is the thickness of the membrane (m), ph and pl are
pressure on the feed and permeate sides (bar), xi and yi are the fractions of component i on the
feed and permeate sides, respectively, and Am (m2) is the required membrane permeation area.
The general definition of permeability (P) of gases through membrane is defined as the product
of diffusion, D (m2/s) and solubility, S (m3 (STP)/m3.bar) coefficients for the gas in the
membrane material. The intrinsic membrane selectivity “α” is estimated by the ratio of pure gas
permeabilities (Pi, Pj).
P  D.S

(2)
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Pi
Pj

(3)

The recovery (R) of desired component (in this work i = CO2) by a membrane separation
process is calculated by eq. 4,

R   . yi xi

(4)

Where yi is the mole fraction of desired component (in this work CO2) in permeate and feed.
4.

CO2 capture by membrane technology

The current cost of post-combustion CO2 capture is perceived to be high. To reduce the impact
of CO2 capture cost, it is aimed to design and a less expensive capture process. Flue gas
treatment process requires a quite large capture system by size and volume since it is at
atmospheric pressure and the partial pressure of CO2 is relatively low. Moreover, the capture
systems must be flexible for simple retrofit without requiring tedious modifications to the original
plant. The key issue for membrane based post-combustion CO2 capture process is the energy
requirement which must be competitive to the energy required by amine absorption process (34 MJ/kg CO2) to prove its feasibility [14-15].The simulation analysis showed that the proposed
process design can give 98% pure N2 on the permeate side at 1st stage, 90% pure CO2 on the
2nd stage. Retentae from 1st stage is fed to 2nd stage. The retentate from 2nd stage contains
predominantly Nitrogen (78%) and Oxygen (18%) which can be released into the atmosphere.
The flue gas mixture data has been taken from a 500 MW coal fired power plant which contains
11.93% CO2, 4.86% O2, 70.60% N2 and 12.60% water. The flue gas mixture also contained 235
mg/dNm3 SO2 and 298 mg/dNm3NOx, however in this analysis traces of SO2 and NOx have
been ignored due to unavailability of experimental data for these gases.
4.1.

Process conditions and simulations method

The CO2 concentration in flue gas can vary from 7-30% depending on the source [16]. A flue
gas mixture containing 11.93% CO2, 4.86% O2, 70.60% N2 and 12.60% water is considered in
this work. Apart from flow rates, temperature and compositions, other process variables when
using polymeric membranes, are pressure ratio (ψ) between the upstream (ph) and downstream
(pl) pressure over the membrane. A process flow diagram of the proposed two stage membrane
separation process is depicted in Figure 5. In a post-combustion scenario depending on the
emissions source, flue gas flow rates can be huge [17]. Therefore, the feed (flue) gas flow rate
is taken 1.725x106 kg/h (1200 MMSCFD) which is realistic and has been reported earlier [18]. It
is assumed that the membrane permeability is independent of pressure and concentration and
the pressure drop on the feed side is nominal. The feasibility of proposed process design is
evaluated with an in-house membrane program interfaced within process simulation program
(AspenHysys) by calculating the energy demand and flue gas processing cost.The input data is
mainly based on process conditions, feed gas composition and gas permeance values for both
membranes. The simulations are based on the SRK (Soave-Redlich-Kwong) equation of state
and the program has the possibility to utilize Hysys capability to calculate and couple energy
balances in the process model. Adiabatic efficiency for compressors has been assumed as
85%.
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Figure 5. Simplified single stage membrane separation process.

The feed gas (flue gas) at 1 bar and 50˚C is fed to a direct contact condenser which brings the
flue gas temperature from 50˚C to down to 20˚C.This process step contributes towards the
removal of appreciable amount of water in the original flue gas mixture and washes away some
trace gases and fly ash from the flue gas, thus bringing down the H2O content in flue gas from
12.6% to 2.1%. Flue gas is then compressed to 4 bar and cooled to 35˚C before being fed to
the 1st membrane stage (MEM1). In this analysis, upstream pressure and downstream
pressures at 1st stage are kept at 4 bar and 1 bar respectively. The permeate from 1 st
membrane stage (MEM1) contains 98% N2 and 2% CO2. The retentate from 1st membrane
stage is first fed to a separator to strip off water from the stream and then fed to 2 nd membrane
stage (MEM2) for further CO2 separation. At the 2nd membrane stage (MEM2) the upstream
pressure is 4 bar while the downstream pressures is set 0.2 bar. An overview of process
conditions and compositions in different process streams is tabulated in Table 1.
Table 1. Process conditions of major flow streams in the system.
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5.

Results and discussions

Separation efficiency (in terms of energy required per kg of CO2 captured (recovered)) and Flue
Gas Processing Cost (FGPC) of the membrane process has been evaluated. The flue gas
processing cost (FGPC) is comprised of required membrane area and energy along with other
operational and fixed costs. In this analysis, FGPC defined as the cost per MSCF (1000
Standard Cubic Foot) of product is based on Total Plant Investment cost (TPI), Variable
Operating & Maintenance cost (VOM) and Capital Related Costs (CRC). In this analysis
membrane modules and compressors are considered as the major equipment in the system to
evaluate the capital cost. The cost of electricity was calculated as utility cost in this analysis.
Table 2 shows the values of economic and process parameters along with calculation
methodology. This methodology is based on the values assigned to the selected
process/economic parameters which might differ considerably for different evaluators [19].
In general, the gas processing cost is reported to be around $1.5/MSCF [20]. The literature
review on the economics of CO2 sequestration shows that the primary capture cost is not the
transportation and injection rather due to separation, capture and compression [21]. It has been
estimated that the total capital and operating cost for CO2 capture, from a coal-fired flue gas
based on a standard design 1000 t/d Econamine FG CO2 plant, to be $1.71/MSCF [22]. The
cost to add and operate a drying and CO2 compression facility (up to 130 bars) increase the
gas processing cost by approximately $0.42/MSCF [21].
It is evident from Table 3 that total membrane area required for post-combustion CO2 capture
by the proposed design is 6.43x105 m2. The total energy demand (1.05 MJ/kg CO2) for the
proposed process design is almost 3 times less compared to energy demand for CO 2 capture
by amine absorption process which requires 3-6 MJ/kg CO2 [24-25, 34-35] and considerably
lower than the energy demand (6-8.8 MJ/kg CO2) reported by other CO2 capture techniques
[23]. It is worth mentioning here that energy demand reported in this work (1.05 MJ/kg CO2) is
much less compared to the similar process design reported recently (1.1 GJ/metric ton CO 2)
[24]. Table 3 shows the energy consumed and the capture cost for the process. It can be
stipulated that it is possible to attain 90% CO2 recovery and purity at FGPC less than
$0.21/MSCF at all pressure ratios and permeate recycle conditions. It’s worth mentioning here
that membrane based CO2 capture technology is already being tested at pilot scale at a cement
plant in southern Norway. It is hoped that technology may be available for commercial
applications in next 5 years.
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Table 2. Economic and Process parameters for Flue Gas Processing Cost (FGPC)

Table 3. Required membrane area, energy consumed and gas processing cost for the process
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6.

Conclusion

The objective of this work is to shift the paradigm related post-combustion CO2 capture by
designing a process which utilizes the potential of both N2-selective and CO2-selective
membrane. A novel cellulose acetate hybrid (CLSICA) membrane revealed its nitrogen selective
character with introduction of p-tert-butylcalix[4]arene immobilized silica (CL-Si) as filler.
Whereas, a CO2 selective Fixed Site Carrier (FSC) membrane (PVAm cast on a porous
polysulfone (PSf) support) has already been developed and evaluated. It can be concluded from
this work that it is possible to attain 90% purity and 90% CO2 recovery from flue gas with
considerably low energy requirement and gas processing cost by the proposed process design
which is simple and cost effective. The energy penalty for this process design is considerably low
(1MJ/kg CO2) and the capture cost amounts to be $ 20.4/ton). The proposed process has the
potential to be competitive to amine absorption and other CO2 capture processes because of its
simplicity and cost-effectiveness. This simulation analysis has been conducted while considering
the realistic process design and operation parameters which reflect the dimensions of a real flue
gas treatment facility. Hence, a higher feed flow rate has been taken in this work to correspond to
huge CO2 emission sources.
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