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Abstract
This paper describes the present use of carbon capture and storage in industries such as iron and steel and cement industry. It also
describes how implications of carbon capture and sequestration can lead to reduction in global warming and can reduce the
hazardous effects of carbon on environment. The major processes involved in carbon capture and sequestration are pre-com-
bustion, post-combustion, and oxy-fuel have also been discussed. Also, the paper highlights how different membranes can
contribute towards carbon capture and sequestration. Polymer, carbon molecular sieve, and organic microporous membrane
advantages and drawbacks have also been discussed. For gas separation, the major membranes discussed are polymer, carbon
sieve, and microporous organic membrane along with their use in different industries. Major focus still relies on how advance-
ment of membrane can be done to have an optimal strategy for carbon capture and sequestration.

1 Introduction

In recent studies, the top priority issue in the world of green
science is greenhouse gas that is carbon dioxide (CO2) [1].
Carbon capture and sequestration (CCS) is one of the major
way of reducing deleterious effects caused by carbon dioxide,
which eliminates the impacts of carbon by isolating the mol-
ecules of carbon dioxide from emissions and infusing it into
geological formations [2].Carbon capture and storage, also
known by the acronym CCS, is a group of technology that
restricts emissions of the CO2 from breaking into the atmo-
sphere by storing them safely deep underground in dedicated
geographical formations. It is important to highlight that CCS
is not a new or futuristic technology. For millions of years,
natural resources such as oil and gas have been trapped in the
pores of the rocks of the earth’s cores. In the same way, the
remains of CO2 have been stored deep underground in the
pores of the rocks. It is a proven and safe technology that
has been in commercial operation since the 1970s.CCS is an
adaptable technology that can support global efforts to tackle
climate change and decarbonize our economics. First, CCS is

a powerful CO2 abatement option for emissions from indus-
tries and generation of the power. Support is provided by the
CCS for the decarbonization of energy intensive industry in-
cluding cement, fertilizers, steel, and petrochemicals as well
as the electricity system. It allows the supply of clean hydro-
gen to fuel transport, heating, and industrial processes. Finally,
CCS can also be an enabler of negative emissions through
direct air capture and bio-energy with CCS. Recently, the
technology emerged as the critical technology to avoid signif-
i c an t g l oba l wa rm ing w i t h t he r e l e a s e o f t h e
Intergovernmental Panel on Climate Change (IPCC) Special
Report on Global Warming of 1.5°C in October 2018.
Foremost, emissions of carbon products from industries and
power plants cause malicious effects on human respiratory
system and global warming and cause other mitigation prob-
lems. Also, carbon particles get trapped inside building struc-
tures and reduce the strength of infrastructure and it affects the
way in which we use our present day fossil fuels. To safeguard
our existing infrastructure and continue using our present
abundant reserves of domestic fossil fuels, carbon capture
and storage is one technology which allows us to reduce con-
sequential greenhouse gas emission. The demand of CCS
technology is increasing at brisk pace as it is helpful in the
mitigation of carbon dioxide emissions. Initially, the capture
of CO2 from ambient air was made materialistic as a pre-
analysis for cryogenic air separation in 1950s [3]. Then in
1960s, hydrocarbon fuels were furnished usingmobile nuclear
power plants by providing carbon captured from air as a feed-
stock [3]. A wide range of technological options in order to

* Manan Shah
manan.shah@spt.pdpu.ac.in

1 Department of Mechanical Engineering, Indus University,
Ahmedabad, Gujarat, India

2 Department of Chemical Engineering, School of Technology, Pandit
Deendayal Petroleum University, Gandhinagar, Gujarat, India

Emergent Materials (2020) 3:33–44
https://doi.org/10.1007/s42247-020-00069-2

http://crossmark.crossref.org/dialog/?doi=10.1007/s42247-020-00069-2&domain=pdf
mailto:manan.shah@spt.pdpu.ac.in


capture carbon from air are available over a period of time, for
example, adsorption, absorption, membrane separation, and
cryogenic separation. However, current options of carbon
storage are mainly restricted to geological storage, ocean stor-
age, and mineralization [4]. Carbon capture and sequestration
are a range of technologies that have the capabilities of con-
fining up to 90% of CO2 emissions from nuclear power plants,
cement, and steel industries. Carbon capture and storage con-
sists of following main trapping methods: post-combustion,
pre-combustion, and oxy-fuel [1, 4, 5]. In post-combustion
method, an absorber medium which is filled with liquid sol-
vents like ammonia is used in segregating carbon dioxide
from exhaust gas of power plants. Pre-combustion method is
mainly applied to cyclic power plant, which includes coal
gasification as a process, and it results in the production of
faux gas made from noxious carbon monoxide and hydrogen.
In oxy-fuel, pure carbon dioxide is produced in the form of
exhaust gas by burning coal, natural gas, or oil in an atmo-
sphere where concentration of pure oxygen is unadulterated.
However, the discussion about overall economic and environ-
mental effectiveness of CCS system is a topic which can fur-
ther be improved; main drawback of CCS technologies is the
storage options that require further advancements rather than
carbon capture technologies which have already been forti-
fied. The abovementioned three processes post-combustion
power plants are the major contributors to the greenhouse
effects and it needs to be solved foremost. Various technolo-
gies which have been developed for carbon capture are phys-
ical adsorption, cryogenic distillation, chemical looping, phys-
ical and chemical absorption, and membrane separation [4, 6].
Chemical absorption is used widely for carbon separation and
it is particularly used for capturing carbon at low partial pres-
sure, and predominant solvents used for chemical absorption
are amine and carbonate solutions. Although chemical absorp-
tion is mature technology for CO2 capture but there are vari-
ous drawbacks of this process which are energy-intensive and
it requires high cost that leads to major environmental disas-
ters. In comparison with chemical absorption process, mem-
brane technology is gaining more supremacy, and it is docu-
mented as competitive technology for separation of air and
sweetening of natural gas since 2–3 decades.

In recent times, CCS technologies were studied by many
researchers. The present status of carbon capture technologies
were reviewed by Zheng and Xu, Pires et al., Tan et al., Leung
et al. [7–12], and Figueroa et al. which was associated to the
progress of certain rules for the application of life cycle as-
sessment (LCA) to CCS that have been provided by Strazza
et al. Capturing of carbon can be carried out by combustion
process in varying phases [13]. Lior Rao and many others
have studied available procedures of post-combustion systems
[14, 15]; Jansen et al. reviewed pre-combustion systems and
oxy-fuel capture systems, shown in diverse studies [16]. Gas
separation membranes, biological separation, cryogenic

distillation, adsorption, and absorption process were the most
significant CO2 separation techniques used to fulfill the pre-
viously mentioned procedures [9, 17–22].

The tool used for carbon capture are membranes as they
have pore-like structure which helps in trapping significant
amount of carbon particles. In simple words, membrane can
be defined as a thin, soft, flexible sheet or layer especially
derived from animal or plant origin. In carbon capture process,
membrane is used as a primary or secondary barrier between
two adjoining phases which helps to facilitate movement of
substances between adjacent phases. Foremost, advantages of
membrane technology are easy adaptability, operational sim-
plicity, low capital cost, and environmental friendly and its
design efficiency is good and easy to establish in remote area.
However, the membranes which are commercialized at pres-
ent are not suitable for absorption using amine solutions as
they have low flux. Also, it has short life span when it has
been exposed to atmosphere of gas stream which contains
harmful impurities of acid gases such as NOx and SO2 [4].
Two major types of membranes used are organic and inorgan-
ic membranes. Further, organic membranes are divided into
different categories which are PES (polyehtersulfone), PVDF
(polyvinylidenedifloride), PAN (polyacrylonitrile), and other
polymeric membranes. Also, polymeric membranes are exten-
sively used in markets due to their low economical cost. But
polymeric membranes endure low mechanical stability and
fouling problems which lowers the effectiveness of this cate-
gory of membrane. To overcome this problem of polymeric
membrane, inorganic membrane have been commercialized
which possessed high chemical, mechanical, and thermal sta-
bility which helps the user to use inorganic membrane in ex-
treme conditions such as corrosive and high-temperature en-
vironment. Membranes are used over a diverse range of
markets—frommedicines to chemical industry and are widely
used in medical devices and water treatment. Future predic-
tions on membrane market is estimated to reach 11.95 billion
USD by 2021 at a CAGR of 10.3%, and the base year con-
sidered for this prediction is 2015 and forecasted period is
from 2016 to 2021.

The agenda of this paper is to analyze what can be the
carbon capture and sequestration policy. Integrated assess-
ment models have been used by the CSS technology users
which have influenced a significant amount of empirical stud-
ies. The main governing forces which help us in determining
the feasible CSS policy for a simple economy has been con-
sidered using a non-realistic model that has been illustrated in
this paper. On the contrary, general abatement option can take
numerous forms, such as legalizing of forests or reducing the
amount of pollution at the host site; in this paper, we have
mainly considered carbon capture and sequestration, and we
also introduce the miniscule size and a surplus cost of the
reservoir. In addition to carbon capture and sequestration, this
paper will discuss major feature of different categories of
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membranes having potential for molecular separation, inspect
the drawback that membrane materials may face during their
application for intensifying a particular process, and will also
help in furnishing ideas for future research and development.
This paper will also provide information regarding carbon
capture and storage from different industries and power plants.

The flow diagram depicts the carbon capture and storage
(CCS) process from different industries such as power plant,
cement plant, steel works, and petro-chemical plant (Fig. 1).
To begin with, carbon generation from different fossil fuels is
considered. Coal, oil, and natural gas are the fossil fuels which
are major contributors of carbon. The first step in the CCS
technique is capturing the carbon from different power plants
and industries such as petrochemical plant, steel and iron
plants, cement plant, and other modern power plants. The next

step involved in the process is treating the captured carbon
through pipelines and ships and carrying this carbon to storage
facilities. Two types of storage facilities are available for stor-
ing carbon and they are the following: on-shore geological
storage and off-shore geological storage. In this way, carbon
can be treated from different industries and plants, and we can
live in a safer milieu.

2 Membrane materials

Recent developments in carbon capture and sequestration has
led to the utilization of membrane-based processes as the most
preferred process. In comparison with the scrubbing process
which is used since long time and employs concentrated
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solutions of amine, membrane-based processes have diverse
operational advantages [23–25]. The advantage which is of
primary importance is that in membrane-based processes there
is no need of handling corrosive and noxious solvents which
leads to reduce the extra cost required for additional equip-
ment and engineering to shun emissions released by solvents
and their byproducts (1). A diverse range of membrane mate-
rials have evolved overtime; however, each of the membrane
material has its own advantages and drawbacks linked to life-
time, cost, and separation performance. In order to reduce
carbon capture cost, advancements in membrane materials
are of primary importance. Different membranes which have
been developed for carbon separation are fixed-site-carrier
(FSC) membranes, mixed material membranes (MMMs), mi-
croporous organic polymers, nano membranes, inorganic
membranes, and carbon molecular sieve membranes [4, 26].
Many studies have been reported for CO2 capture on various
materials such as hybrid organic–inorganic, polymeric, micro-
porous, and facilitated transport membranes [27]. The two
major prospects which a membrane should consist in order
to operate as required are the following:

& A high selectivity so high that purity is achievable under-
going single stage process.

& A high permeability so that cross-section area of working
can be reduced [27].

Overall, membrane separation technology is a process
where semi-permeable membranes are used for separating
gas mixtures consisting of two or more components.
Advantages of membrane separation are ease of operation,
ease of application in isolated places, low capital cost, and
low energy consumption. The chemical requirements for
membrane separation process are also less as compared with
conventional scrubbing process employing amine for use [28].
Aaron and Tsouris analyzed different methods for carbon cap-
ture from industries where flue gas is produced using various
membranes, solid sorbents, and cryogenic distillation in order
to find out the appropriate membrane material to capture car-
bon from flue gas.We found out that the most favorable meth-
od for carbon separation is liquid absorption employing
monoethanolamine (MEA), but on the contrary with recent
developments, metallic and ceramic membranes are signifi-
cantly more efficient for membrane diffusion [28]. Eachmem-
brane material has varying properties such as thermal, chem-
ical, mechanical, and separation property. To recapitulate,
each of the membranematerials have superior separation qual-
ity as well as relatively low cost but with these advantages
there are some drawbacks like their stability decreases when
exposed to adverse environment conditions such as high tem-
perature and pressure, and a decline in the stability of mem-
brane is also evident when exposed to acid gases [4]. To over-
come such problems of operation under adverse conditions,

inorganic membranes have been developed. But still there are
problems of constructions of such modules and also sealing
for high temperature applications and cost required is also
high. At present, novel membranes such as FSC and MMMs
are gaining interest in membrane’s milieu which is established
on the basis of transport mechanism and a combination of both
inorganic and polymeric material properties. So, on the basis
of various studies, a suitable membrane should possess the
following characteristics: flow rate, process operating condi-
tions, feed gas composition, material properties, and separa-
tion requirements [4, 29]. Recent trends have shown major
advancements in membrane performance whose success is
mainly attributed to membrane community [4]. Also, stupefy-
ing developments have led to the discovery of carbon molec-
ular sieve membranes. Carbon molecular sieve membranes
are used along with polymer and microporous membranes in
various industries such as coal, steel, and iron. Carbon molec-
ular sieve membranes are usually developed with the help of
cellulose derivatives and polymides such as polyacrylonitile
and phenylene oxide by the process of carbonization. Further
information regarding carbon molecular sieve membrane has
been provided in our paper. Wang et al. outlined the perfor-
mance of single-stage membrane in upper bond plots for CO2/
CH4 and also CO2/N2; he also observed that as compared with
commercial polymers, ultrathin polymer membranes
remained more closer to the upper bonds; this outcome dem-
onstrated their great future for carbon capture applications
[30]. In this paper, our major aim will be related to polymeric,
carbon molecular sieve and microporous membranes for car-
bon capture applications. A little while back, Roussanaly et al.
undertook a study considering 1600 varying combinations of
membranes on the basis of their selectivity and permeability.
The study was undertaken by him to design an optimized
version of the present two-stage process for each membrane,
and the study also included differentiating present membrane
process with amine process as a reference. The study was
carried out in the Robeson plot for N2/CO2 separation. The
main point upon which their analysis was based comprised of
a simple cascade strategy and involving no recycles, and after
the analysis got completed, they were able to find the state in
which the present day membranes can emulate with conven-
tional membrane processes on the basis of cost. The most
economical value of selectivity for a particular permeability
was discovered (e.g., 40 at 3500 GPU); however, their study
was confined to a binary flue gas and a simple cascade strat-
egy [31, 32]. In the future, it is likely that further advance-
ments in membranes process will be discovered.

3 Polymer membrane

Over the past 3 decades, it has been seen that polymer mem-
brane has been considerably applied in petrochemical refinery
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and CO2 separation on industrial scale [33]. Polymer mem-
brane has been mostly the preferred media for capturing CO2

from post-combustion as it is easy for operation and scaling up
is easy and for reliability in performance. Gas separation using
polymermembrane falls largely into three different categories:
(1) hollow fiber membrane; (2) facilitated transport; and (3)
physically selective membrane. These membranes consist
some common merits and demerits [34]. They are cost-effec-
tive, linear scale up, higher mass transfer rate per volume,
more adaptable, foreseeable, and compacted as comparedwith
tray columns. In comparison with the liquid adsorbent scrub-
bing, separation through membrane has the low driving force
as concentration of CO2 in flue gas is low, high transport
resistance, smaller flow rate, and devours more energy [35].
For CO2 capture, other prime concerns are the higher temper-
ature and the probable smearing membrane of flue gas [36].
For minimizing cost and bringing reasonable performance of
CO2 capture, vacuum, pressure, and dual/multi stages of
membrane are employed [37, 38].

Based upon the properties of membrane which are physical
and chemical structures, the polymeric membranes implement
their process. During the process, interaction between compo-
nents, membrane, and nature of gas occurs [39]. The polymer-
ic membrane can be categorized into two types: non-porous
membrane and porous membrane [40].

Non-porous membrane consists of a dense film and it
is also known as dense membrane. Under the main driv-
ing force of pressure or concentration gradient, permeate
molecules which are absorbed during the process are dif-
fused through polymer matrix. Transport of gases through
non-porous membrane is very low, so these membranes
are highly demanding [40].

Porous membrane is a distinctly voided structure with ca-
sually scattered interconnected pores and having a structure
similar to a standard filter. Porous membranes are generally
rigid in nature. Based on the distribution of the pore size and
molecular size of polymer, separation is reliant on [40].

On the basis of polymer material, polymeric membranes
can be classified as follows:

& Glassy polymer-The molecules are frozen in an amor-
phous region of a polymer in a glassy state at very low
temperature. These frozen molecules do not have any seg-
mental motion apart from some molecular vibrations.
Generally, this glassy form is hard, rigid, similar to crys-
talline solid, and brittle [41].

& Rubber polymer-After heating the material, polymer even-
tually will reach a glass transition temperature due to
which the amorphous region becomes rubbery. At this
rubbery state, the polymer will be soft and flexible [42].

The suggestion made by Van der Ent et al. of the grouping
of non-porous polymer membranes for enantioseparation is as

follows: sorption-selective vs. diffusion-selective [43]. During
diffusion, the differentiation of the chiral had been supposed
“chiral interactions summation” so that diffusion of one
enantiomer becomes faster than the variant. Neglecting some
sorption selectivity which existed in those membranes is not
because of one to one interaction between the molecules.
Further research on sorption selective membrane will be based
on performance data and examining result of flux for diffused
selective membrane. Nevertheless, effective results can be
obtained if non-selective diffusion through the membrane is
decreased and selectively absorbed occupants of molecules is
maximized. Increasing in “mobility” is observed with
increasing enantioselectivity of the membranes with increas-
ing transmembrane potential gradient [44].

Hillmyer et al. had found that hexagonally packed
nanocylinders of polylactide (PL) in polystyren (Pst) can
be formed from polystyren-block-polylactide copolymers
[45, 46]. Pores can be formed in hexagonally packed cyl-
inders of PL by selective hydrolysis of the PL. Ordered
and highly porous monoliths can be prepared on the basis
of his work with connected and hydrophilic pores (e.g.,
average spacing ~ 30 nm, average pore diameter ~ 20 nm)
[47]. Here, base material for monoliths with a low poly-
dispersity was a PL-poly (N,N-dimethylacrylamide)-PSt
triblock copolymer. By cooling from the melt in a chan-
nel, die alignment of the phase-separated polymer was
fulfilled. Eventually, quantitative polylactide can be re-
moved; the hydrophilic polyacrylamide will cover the
pore surface while leaving the PSt matrix.

Triblock copolymer polyisopren-block-poly (2-
cinnamoylethyl methacrylate)-block-poly (tert-butyl
acrylate) (ABC)-ordered nanochannel film was prepared by
Liu et al. [48]. The homopolymerpoly (tert-butyl acrylate)
(homo-C) had been mixed with copolymer, and films were
formed. In common solvent, these films were casted from
solutions. After annealing and drying, the block “B” of the
“AB” phase could be utilized for UV-cross-linking.
Thereafter, the “homo-C” had been extracted, and a regular
pore morphology had been visualized by TEM. The measure-
ments of gas permeability confirmed the films of highly po-
rous nature, but the scarcity of the water permeability pro-
posed that on a macroscopic level the nano channels might
be discontinuous, e.g., due to the presence of “grain bound-
aries” in the film.

The cross-linking of polybenzimidazole had been de-
tailed by Young et al. for improved mechanical properties
[49]. Reasonable selectivity and permeability for carbon
dioxide separation from methane has been provided in the
past patents of unmodified polybenzimidazole [50, 51]. The
mechanical properties can be improved by cross-linking of
the polymer, by increasing the yield stress of the membrane,
which also results in increased performance of separation.
Patented example with permeation of CO2 of 7.9 barrer
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with a selectivity over nitrogen of 27, when cross-linking of
the polymer occurred, compared with 0.3 barrer of perme-
ability of CO2 with a selectivity of 18 for unmodified linear
polybenzimidazole, tested by single gases at 23°C. The
linking agent is responsible for the effect of cross-linking
on performance [52].

Solvent resistant polymeric membranes have been pre-
sented by Wang and Yeager that can reduce the effects of
plastification of hydrocarbons in the feed stream [53]. The
patent covers polyether ketone, polyphenylenesulphide,
polyimide, polyketone, polyarylene, and polyetherimide
which contains intrinsic solvent inertness and hence can
withstand organic rich operation conditions. The con-
trolled annealing of hollow fiber polyimide membranes
has been described by Ekiner and Simmons [54]. For the
polyimide-based membrane, the patented annealing condi-
tions to prevail under a vacuum less than 15 in. of mercury
between 100 and 250°C for 6–30 h. Improved chemical
resistance can be obtained with these annealing conditions
and also ensures that the resulting hollow fibers have re-
quired mechanical strength for applications of high temper-
ature and pressure. However, annealing conditions are rel-
atively known for polymeric membranes [55].

4 Microporous organic polymeric material

In addition to membrane materials, microporous materials are
one of the applications used in CCS (carbon capture and stor-
age). A microporous material is a material containing pores
with diameters less than 2 nm (nanometer). Such materials
with small dimensions are capable of holding large surfaces
areas, normally 300–1500 m2 g−1. In industry, many types of
microporous materials are operated but there are four main
materials which are widely used. These are the following:
(1) crystalline zeolites (aluminosilicates), (2) activated car-
bons [56], (3) thermally rearranged (TR) [57–61], and (4)
polymers of intrinsic microporosity (PIMs) [62–65]. As a cat-
alyst or an assisting carrier, however, the size of the pore in
crystalline zeolites is too nanoscopic to scatter organic reac-
tant in pore passage, whereas the size of mesophorous (pore
diameters between 2 and 50 nm) is too substantial to hold the
magnitude of selective properties in catalyzed response.
Therefore, super-microporous materials having consistent size
holes in 1.0–2.0 nm; sizes are being suited for the
technological-based applications [66]. Also, activated carbon
is a resourceful material with large surface area, good thermal
stability, ample of pore size distribution, and varying function-
al group at the exterior. Further development on microporous
materials was prepared by Park et al. who introduced that
polymide-based TR polymers have 0.4–0.9 nm pore size and
have also a normal pore size distribution. Moreover, for CO2-
related separation processes, TR polymer membranes were

found to manifest excellent gas separation performance, for
example, at high pressure natural gas sweetening process
CO2/CH4 were separated [57, 60]. Another type of
microporous materials are polymers of intrinsic microporosity
(PIMs), as reported by Budd et al., that show a high surface
area (600–900 m2/g) [63] and a high fractional free volume
(22–24%) [67]. PIMs engaged in great endorsement due to
their high gas permeability, and their relatively slow physical
aging. In the last few years, varieties of application have
been developed over the decades such as energy storage,
adsorption, super capacitor (electrochemical application),
and catalysis regarding usage of microporous material in
CCS [68].

Based on above information, Shujie, Ke Song, Jingqi
Guan, and Qiubinkan have performed a research based on
super-microporous material with upgrade on hydrothermal
stability. According to the operations reported in the literature,
purely siliceous MCM-41 was composed. Many solutions
were added and stirred under room temperature to obtain the
final proportion MCM-41-T. If MCM-41-T and water were
prepended in a glass flask with reflux device, then the sample
will be dried out at 110°C for characterization. Also, when
characterized powdered catalyst undergo X-ray diffraction,
they recorded pattern-like structure. However, XRD patterns
of the samples before and after high-temperature treatment
show some changes on the framework of mesoporous which
has some contraction. Similarly, the results of hydrothermal
stability studies suggest that the pore structures have
completely destroyed as there is no diffraction peak when
fluxed in boiling water. To conclude, comparison of MCM-
41 and MCM-41-T suggests that the hydrothermal stability of
MCM-41-T has been enhanced remarkably and can make an
extensive use in chemical industry [69].

Wei Zhou, Lin Zhang, Putewu, Yaohuicai, Xiao Zhao, and
Chunpingyao have prepared a study practically on permeabil-
ity stability of sand-based microporous ceramic filter mem-
brane. Membrane filtration is an effective process for elimi-
nating organic matter, particles, and microorganisms from
drain water [65, 70]. In addition, a number of methods such
as chemical vapor deposition, electrochemical deposition,
chemical etching and electrospinning have been introduced
[71–74] but such processes are rarely used in large-scale in-
dustries because of the complications involved in this process-
es, and also they are expensive. However, considering a the-
oretical perspective, few studies have approached to enhance
the stability of the permeate flux of the microporous ceramic
filter membrane. For sample, preparation, standard sand, and
river sand were used where different types of additives were
added. After several operations of heating at persistent tem-
perature, ceramic filter membrane was obtained by cooling.
Also, there has been a modification in the permeate flux of RS
and SS series microporous ceramic filter membranes with re-
spect to seepage time. Similarly, microporous ceramic filter
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membrane shows a certain impact on the flow rate under def-
inite working pressure. However, there have been some
factors that affect changes in permeate flux such as poros-
ity, microstructure, and phase composition but by
adjusting porosity, improving surface properties of mate-
rials, selecting an appropriate matrix material, and pore
former improvement can be brought in permeate flux of
ceramic membrane. To conclude, the development of the
water film in the inner barrier of the pore is a very con-
voluted and interesting method [65].

4.1 Carbon molecular sieve membrane

To begin with, the use of carbon molecular sieve membrane
for separation of gas gained some interest in 1980s with the
effort of Koresh and Soffer [75–77]. As discussed earlier,
carbon molecular sieve membranes (CMSMs) are prepared
by the process of carbonization of polymide and cellulose
derivatives under restraint atmospheric conditions backing a
specific temperature. Carbon molecular sieve membranes are
used successfully since a long time as adsorbents in area of gas
separation as they are effective in separation process with
molecules having the same structural dimensions [78–80].
They are widely used in industries as carbon molecular sieve
membranes have excellent mechanical strength and an aver-
age modulus due to their turbostratic and graphitic structures
as compared with conventional graphitized fibers [4, 81].
With advancements in membrane society, newer and better
carbon molecular sieve membranes have been developed with
extraordinary gas separation features, and this was possible
with the help of pyrolysis of polymeric materials [78, 82,
83]. While carbon sieve membranes have atypical separation
properties with purest form of feed gas, the properties of car-
bon possess some malicious drawbacks to compounds found
in some industries [78]. Non-polar surfaces of carbon make
them organophilic. This property of carbon makes them ex-
ceptional adsorbents for removing harmful particles from pro-
cess streams, but on the contrary it also possesses some prob-
lems in membrane applications [78]. The mechanism
employed in carbon molecular sieve membrane is based on
kinetic diameter difference in the gaseous molecules [4]. Also,
CO2 molecules have the least kinetic difference as compared
with N2 and O2 which enhances its separation performance
[4]. In the separation process using CMSMs, atoms of varying
sizes (essentially hydrogen and oxygen) that had form poly-
meric chains get progressively detached and form amorphous
and porous carbon skeleton, leading to disarray graphene
layers [84]. Pores are formed due to the distorted graphene
layers which are accountable for molecular sieving effect
[84]. A feature of CMSMs that is of utmost importance is that
it is possible to alter the pore network in carbon molecular
sieve membrane by different heat treatment methods or
employing set of pre and post-heat treatment methods [84].

The selectivity and permeability properties of carbon mem-
brane are different from that of polymer membrane.

The following are the advantages of carbon membrane as
compared with polymer membrane:

1) Selectivity and permeability combinations available are
better than any known polymer membrane.

2) Carbonmembranes have the ability to resist high pressure
deviations and they have good mechanical strength for
given a wall thickness.

3) Carbon membranes have good stability at high tem-
peratures [85].

Although CMSMs have many advantages but there
are some drawbacks which cannot be neglected.
CMSMs are brittle, because of this reason their module
construction is difficult and also their operation cost is
high [4, 83, 86–91].Taking into considerations future
commercial applications of carbon molecular membrane,
significant and stupefying advancements need to be de-
veloped in the membrane sector. Especially develop-
ments in carbon membranes bonded by tubular ceramic
and asymmetric hollow fiber carbon membranes need to
be evolved [4]. Xu et al. carried out a study in which for
olefin/paraffin and ethylene/ethane separations he devel-
oped asymmetric hollow fiber carbon membrane. And
for organic separations employing liquid as a medium,
PVDF-based asymmetric hollow fiber carbon membranes
were delineated [4, 92–94]. The results of their investi-
gations exhibited that carbon membranes are widely
used in energy-related procedures. Also, recently,
Richter et al. patented a carbon membrane which was
braced by high flux ceramic having a selectivity and
permeance of 30 and 0.6 m3 (STP), respectively. The
membrane developed was used to remove CO2 from nat-
ural gas. Still, cost of membrane and up-scaling of it
needs to be further scrutinized [95]. Barsema et al. carried
out an experiment by incorporating Ag particles into CMS
matrix. From his experiment, he found out that integrating
nano size Ag particles into CMSMs membrane leads to
the increase in the selectivity and permeability as com-
pared with Ag free CMSMs membrane [85].

5 CCS in industries

As mentioned earlier, there is a widespread use of CCS in
various industries. The industries which are considered in
our paper are mainly steel, iron, and cement. The time in
which carbon gets captured and cost of capturing carbon are
the applications on which CCS technology depends [96]. In
order to have a fiscal transportation and storage, dilute streams
of CO2 need to be concentrated to a low level and this requires

emergent mater. (2020) 3:33–44 39



ancillary CO2 separation technologies applied mainly to in-
dustries such as boilers, iron and steel, turbines, furnaces, and
cement. Modifications required in such cases are difficult to
achieve. Foremost, we will consider carbon emissions from
iron and steel industries and carbon capture in those industries.
Around 80% of the total carbon emissions are attributed to
power plants and the remaining 20% carbon is emitted by
different industries such as iron and steel and cement and
refineries. Iron and steel industry discharges around 5% of
the total carbon emissions [33, 97]. The percentage included
both direct source and indirect source which are used to run
the mills. However, the advantages of using steel and iron
balance out the emissions caused by this industries [5]. On
an average, around 3.5MtCO2/year is emitted by integrated
steel mills as compared with 3.9MtCO2/year of power plants
[97, 98]. But on the contrary considering the percentage of
emission in steel and iron industry is less than that in sectors
such as forestry, agriculture, and transport [5]. The reasons
which have led to significant amount of carbon emissions in
iron and steel industries are to begin with, there is need of
some kind of energy to manufacture steel and this energy is
often generated by high carbon emitting fossil fuels; further,
steel needs to be produce from iron ore and there is a require-
ment of reducing agent to do so, usually the reducing agent
used is carbon of coal as it is available easily and economically
[5]. Integrated steel mills are used for steel production which
is situated near to a large river or lake which receives the ore
required to manufacture coal through sea transport. Enormous
plants are used wherein raw materials are mixed and prepared
to meet the enumeration for steel production; within this plant
the sinterization of ore is carried out followed by pyrolyzing of
coal into metallurgical coke [5]. Blast furnace is used for steel
production where coke is the main component. As the raw
materials get burnt inside the furnace, a by-product of this
reaction is formed known as blast furnace gas which is rich
in CO and is used as an energy carrier in steel production.
Carbon, in the form of CO and CO2, enters inside the steel
mill through blast furnace gas which is utilized on the site and
it is the major source of CO2 emissions [97]. Furthermore,
coke production consequence is a coke oven gas which is rich
in carbon and it ultimately leads to CO2 emissions. Recent
advancements in technologies have helped researchers to
come upwith strategies to reduce carbon emissions in intricate
BF+BOF-derived steel mills; however, the results are not sat-
isfactory as compared with total CO2 emissions from the fac-
tories. It is possible to capture carbon from integrated iron and
steel mills by using flue gases or combustible process gases
which are the by-products of combustion process. Few draw-
backs are likely to be encountered while using this process as
the composition of gases may differ and hence it is not possi-
ble to furnish flue gas compositions and impurity levels. Both
post and pre-combustion technologies can be applied to flue
gas for carbon capture. However, there are some problems of

applying this process like variations in composition and im-
purity levels of carbon emissions. CCS still has to face many
precariousness concerning technology preferences, cost, and
efficiency.CO2 emissions from iron and steel industries de-
pend upon the type of process used as the emissions of carbon
are very site-specific. Iron and steel mills situated in countries
like Sweden, UAE, France, and Germany are trying to
investigate new processes for CCS through small-scale
exhibitions of CO2 seizure such as oxy-fuel, TGR, and
DRI [96]. Recently, a large project regarding CCS in iron
and steel industry was undertaken by a European compa-
ny; the project was named Ultra low CO2 steelmaking
(ULCOS).The nucleus of the project was to develop better
steel production technology with less amount of carbon
emissions; their main goal was to reduce the carbon emis-
sions from steel industry by 50% until 2030 (base year
2004) [7]. Lie et al. researched that FSC membranes
which are blend of PVAm/PVA have the necessary char-
acteristics required to capture carbon from flue gas in iron
and steel-producing industries. Also, Roussanaly et al. de-
lineated a process with different membrane materials in an
iron and steel factory, and he was able to find an econom-
ical carbon capture process in comparison to other captur-
ing process. Yet the experiment was carried out on feed
gas which only includes CO2 and N2; H2 and CO tends to
be neglected which do exist in the industry [6]. Hence, the
research needs to be carried out again with precise com-
position of feed gas. Cement is widely used as binder at
construction site, when mixed along with sand and rock
forms, a binding material is known as concrete. At pres-
ent, cement production is around 3.3 billion per year and
it is likely to increase to 4.5 billion per year by 2050 [99].
Sand, limestone, and clay are used as raw materials to
produce cement. Cement industry is liable for around 5–
7% of the anthropogenic CO2 emissions globally.
Reduction in carbon emissions has been carried out by
cement industry by employing methods such as reduction
of clinker factor, energy efficiency, and usage of alterna-
tive fuels [100]. However, employing such reduction
methods are likely to work over a short period of time
and also they are not cost-effective. The amount of CO2

emissions which can be reduced depends upon the pro-
duction process involved in the manufacturing of cement,
this is because only 42% of the CO2 emissions are caused
by combustion of fuel and the rest of the carbon emission
is caused by the chemical reaction between raw materials
such as heating of limestone to high temperatures in the
presence of oxygen or air. Hence, from the recent trends,
it can be said that carbon capture and sequestration (CCS)
will play a major role in cement industry in the future.
CO2 emissions are released both directly and indirectly by
cement industries: limestone calcination is a direct way
while burning of fuel is an indirect way of carbon
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emission. Pre-combustion, post-combustion, and oxy-
combustion are the processes by which carbon can be
captured in both old and new plants. New cement plants
usually utilize pre-combustion process for carbon capture
coherent with gasification technologies. In post-
combustion method, CO2 is separated from fuel gas leav-
ing behind clinker kiln, and in oxy-combustion method,
CO2 is captured by using oxygen of pure form [100].
There is still skepticism about when will the methods
for carbon capture be commercially available or it will
not until 2020.It has also been researched that CCS will
increase cost of production from 40 to 90%. Oxy-fuel
combustion process is considered as the most convincing
process as it will increase efficiency of cement produc-
tion. Until now, only a single small-scale project has been
demonstrated using post-combustion method. Dry sorbent
CO2 technologies were planned by CEMEX with taking
economic help from the Department of Energy (DOE),
USA. CEMEX reported that wary attention must be given
to reduce CO2 emission from cement industry and also
reduce cost of production in cement industry [96].

6 Future scope

At present, the deployment and utilization of CO2, from an-
thropogenic sources, resulted as very low. However, charac-
terization of CO2 capture in industries and power plant plays
an important role in removing or reducing CO2 emissions
[101]. Also, a number of technologies are employed consid-
ering plant location, separation required, and flue gas compo-
sition [101]. The result in this research has many advantages
not only in CO2 sequestration but also in other gas separation
techniques such as solar-to-fuel conversion, H2 production,
etc. [102]. New challenges are being developed after utilizing
new materials such as development in modern characteriza-
tion, development in molecular control, and several computa-
tional methods which will guide, support, and yield for further
refinement to most CCS structure [103].

Furthermore, CO2-to-fuels technology is lacking behind
from commercial positioning; to compete with other resources
or unprecedented methods, liquid fuels have to be produced,
such as coal-to-liquids (CTL) and gas-to-liquids (GTL). Also,
high efficiency battery and ultra-capacitors are required for
storing and utilizing energy. To conclude, CO2-to-fuels tech-
nology remains unresolved because of the flows generated
and also lowers thermodynamic efficiency [104].

7 Conclusion

To recapitulate, the primary information provided by this
review paper is regarding carbon capture and storage as

there is an increase in the amount of pollution all around
the world. Carbon capture and storage is on the verge of
being demonstrated throughout the world and is a key
climate change mitigation technology. At present, various
technologies ranging from amine scrubbing to technolo-
gies used during 2nd and 3rd generations have been
employed with supercilious thermodynamics such as car-
bonate or chemical looping. A number of technologies
have been suggested to capture CO2 directly from air
or to utilize the capture CO2 in order to produce useful
products. However, extreme care must be taken while
evaluating the climate benefits of such process. A num-
ber of empirical studies have been motivated by CCS via
different models. The findings always indicate that the
existing technologies allow sequestrating a fraction of
carbon emissions and reach towards a conclusion that
early implementation of sequestration can lead to de-
crease in malicious caused by carbon. Many countries
have started deploying CCS in their countries seeing its
significant role in controlling CO2 emissions. The major
amount of carbon emissions occurs from various indus-
tries, and preliminary steps are being taken at base level
in order to reduce carbon emissions. The major carbon
emitting industries are iron, steel, and cement which
have been discussed in this paper. Also, steps taken by
these industries with funding from various institutes have
also been discussed. In order to capture carbon from
these industries, a material known as membrane is used
and it has pores to capture carbon within it. Major mem-
branes used at present are polymer membrane, carbon
molecular sieve membrane, and microporous organic
polymer. The field of membrane is interdisciplinary from
the very beginning. Chemical synthesis and structure
characterization for membrane materials, model design,
biology, membrane formation and modification, and
membrane characterization are the major inspirations of
membrane formation. At present, absorption is the most
widely used method but membrane separation has its
own benefits as this process is less energy-intensive
and more affordable in comparison to the latter.
Different types of membrane can be manufactured de-
pending on fabrication technique and separation method
such as polymeric, hollow fiber, or carbon molecular
sieve membrane. This diversity feature of membrane al-
lows them to adapt to any type of feed gas depending
upon their temperature, pressure, and CO2 concentration.
This paper also discusses advantages and drawbacks of
polymer, microporous, and carbon molecular membrane.
Although there has been stupefying developments to re-
duce carbon from industries and membranes used, there
is still a large room for improvement within industries to
reduce carbon emissions to a lower level by taking help
from developed countries and organizations.
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