IOP Conference Series: Materials Science and Engineering

PAPER « OPEN ACCESS

A review on carbon membranes for hydrogen purification

To cite this article: N Sazali et al 2020 IOP Conf. Ser.: Mater. Sci. Eng. 736 022004

View the article online for updates and enhancements.

This content was downloaded from IP address 103.53.34.15 on 10/03/2020 at 04:26


https://doi.org/10.1088/1757-899X/736/2/022004

Energy Security and Chemical Engineering Congress IOP Publishing
IOP Conf. Series: Materials Science and Engineering 736 (2020) 022004 doi:10.1088/1757-899X/736/2/022004

A review on carbon membranes for hydrogen purification
N Sazalil’z*, MF Ghazalil’z, JP Siregarl’z, T Gunawan3, WNW Salleh4, and N. Yusof®

'Centre of Excellence for Advanced Research in Fluid Flow (CARIFF), Universiti Malaysia
Pahang, Lebuhraya Tun Razak, 26300 Gambang, Kuantan, Pahang, Malaysia.

*Faculty of Mechanical Engineering, Universiti Malaysia Pahang, 26600 Pekan, Pahang,
Malaysia.

? Department of Chemistry, Faculty of Science, Institut Teknologi Sepuluh Nopember, Surabaya
60111, Indonesia.

*Advanced Membrane Technology Resea+rch Centre (AMTEC), School of Chemical and
Energy, Faculty of Engineering, Universiti Teknologi Malaysia, 81310 Skudai, Johor Darul
Takzim, Malaysia.

Abstract. Hydrogen (H,) as a high competence and clean energy bearer has pulled in re-
established and consistently expanding consideration around the globe as of late, basically
because of advancements in power modules and ecological weights including environmental
change issues. In thermochemical forms for H, creation from non-renewable energy sources,
separation and purification performance is a basic innovation. Specifically, microporous
membranes indicate guarantees in water gas move response at higher temperatures. In this article,
we survey the look at the basic issues in these membranes as for the specialized and financial
focal points and weaknesses. Conclusions will be made on the significance of membrane
innovation to the new age of zero-outflow control advancements.

1. Introduction

The certainty and unmistakable significance of separation innovation in different areas of energy and
substance ventures is all around perceived. Especially, a critical development can be acknowledged
being developed of advancements identified with the separation of vaporous species. This is, maybe,
determined to a great extent by the incredible interest for cleansed gaseous petrol and different gases for
mechanical and pharmaceutical applications [1, 2]. For example, by considering gaseous petrol segment
alone, it is evaluated that 41% of the demonstrated gas supplies in the United States are sub-quality
along these lines require overhauling by expulsion of unnecessary CO,, N, and H,S and different
contaminations so as to meet the prerequisites for pipeline transmission or wellhead handling [3]. In
spite of the nearness of various built up gas separation advances (e.g., fluid assimilation, weight swing
adsorption, and so on.), broad research thinks about have been dedicated to the devise of new strategies
with possibilities to bring cost-effectives and less complexities in process task and control. The dynamic
rise of membranes that appreciate particular innate highlights, for example, high vitality proficiency,
simplicity of scale-up and little impression has drawn surprising points of view for this innovation to
wind up a feasible decision for wide assortment of gas separation applications.

As per the referred to records, gas separation membrane innovation has swung to a
$150million/year business (in 2002) but then noteworthy development is foreseen [4]. In this way,
further accomplishments toward development of membrane innovation require broad logical research
and R&D achievements to beat the difficulties. Other than financially accessible polymeric membranes
which are increasing greater ubiquity, carbon membranes comprise a novel and alluring class of
membranes with unmistakable highlights and remarkable gas separation execution. The simple great
compound and warm strength and capacity to outperform the permeability— selectivity exchange off is
considered among the conspicuous attributes of carbon membranes [5]. From the specialized
perspective, carbon membranes maybe can be considered as evident components in appearance and
acknowledgment of the job of morphology in separation execution. This depends on the way that the
permeable structure permits the high penetrability (high profitability) while the sub-atomic sieving
system gives the effective size and shape separation of particles (high selectivity [2].

For H, generation and sanitization, there are commonly two classes of membranes both being
inorganic: thick stage metal, metal compounds and pottery (perovskites), and permeable ceramic
membranes. Permeable clay membranes are typically arranged by sol— gel or aqueous techniques, and
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have high security and sturdiness in high temperature, brutal polluting influence and aqueous conditions.
When all is said in done, inorganic fired membranes have brought down H; selectivity however higher
transition. Specifically, microporous membranes indicate guarantee in water gas move response at
higher temperatures. A membrane is a physical obstruction permitting specific transport of mass species,
generally utilized for separation and sanitization in numerous businesses. Membranes can be grouped
into natural, inorganic and crossovers of natural/inorganic frameworks. Natural membranes can be
additionally separation into polymeric and biological constituents, while inorganic ones to metallic
(thick stage) and clay (permeable and non-permeable) membranes. A legitimate synopsis of essential
ideas and definitions for membranes is accessible in an IUPAC (International Union of Pure and Applied
Chemistry) report [6]. Criteria for choosing membranes are mind boggling relying upon the application.
Vital contemplations on profitability and separation selectivity, and additionally the membrane's
toughness and mechanical respectability at the working conditions must be adjusted against cost issues
in all cases [7]. The general significance of every one of these necessities differs with the application.
Be that as it may, selectivity and penetration rate (or permeance) are obviously the most fundamental
properties of a membrane. The higher the selectivity, the more productive the procedure, the lower the
main impetus (weight proportion) required to accomplish a given separation and accordingly the lower
the working expense of the separation framework [8]. The higher the motion, the littler the membrane
zone is required in this manner, the lower the capital expense of the framework. When all is said in done,
inorganic membranes support applications under brutal temperature and substance conditions, though
polymeric ones have the upsides of being conservative.

2. Carbon membrane for H, separation

Carbon membranes are essentially framed through the pyrolysis of polymeric forerunners. Broad investigations
have uncovered that compound structure of polymer, microstructure of the antecedent and pyrolysis process
parameters is among the key factors that decide transport properties of resultant carbon membranes [9, 10]. As it
were, these parameters have an impact in acquiring a magnificently organized membrane included extraordinarily
circulated pores with basic measurements and wanted surface properties. High consideration has likewise been
paid to the unmistakable impact of the antecedent sort; henceforth different polymeric materials have been
analyzed for creation of superior carbon membranes. Essentially, material choice is unavoidably a key rule for
readiness of any sort of membranes and especially for gas separation. Consequently, aside from the manufacture
innovation, the applicant material ought to have the essential properties so as to play out the assigned usefulness.
Despite the fact that a similar idea applies to the carbon membranes, much of the time, the applicant materials
should meet significantly increasingly stringent necessities. For example, great synthetic and warm soundness and
capacity to hold the macromolecular structures and system respectability amid the pyrolysis procedure are viewed
as extra key essentials.

Figure 1 shows illustration of H, separation mechanisms [11]. Fu and co-workers [12] made the
next important step in understanding the permeation process. He proposed that permeation involves
a solution- diffusion mechanism by which permeate molecules first dissolved in the upstream face of
the membrane were then transported through it by the same process as that occurring in the diffusion of
liquids. The first successful application of membrane gas-separation systems came much later (in the
1970’s) and it was for H, separation by polymeric membranes from ammonia purge gas streams, and
to adjust the H,/CO ratio in synthesis gas [13]. H, separations from highly supercritical gases, such as
methane, carbon monoxide, and N, are easy to achieve by polymeric membranes, because of the
extremely high diffusion coefficient of H, relative to all other molecules except helium. Even though
solubility factors are not favorable for H,, the diffusion contribution dominates and gives overall
high selectivities [6, 14, 15]. For example, the H,/CH,4 selectivity of some of the new rigid polyimide
and polyaramide membranes is about 200 [16]. As mentioned earlier, the basic and important properties
are selectivity and permeability. In the absence of defects, the selectivity is a function of the material
properties at given operating conditions. The productivity is a function of the material properties as well
as the thickness of the membrane membrane, and the lower the thickness, the higher the productivity.
According to Koros [17], there are two basic requirements for membrane gas separation systems, i.e.,
technical and practical requirements. The former refers to those characteristics that must be present for
the system to even be considered for the application. The latter refers to the characteristics important in
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making a technically acceptable system competitive with alternative technologies, such as cryogenic
distillation [18] or pressure-swing adsorption (PSA) [19, 20].
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Figure 1: Illustration of five H, separation mechanisms: (i) Knudson diffusion; (ii) surface diffusion;

(ii1) capillary condensation; (iv) molecular sieving; (v) solution diffusion.
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The technical requirements for two main types of membranes of interest to H, separation are as follows:
(1) For solution-diffusion membranes (polymeric or metallic), it is critical to attain a perfect pin-hole
free or crack-free selective layer that can last for the entire working life of the membrane in the presence
of system upsets and long- term pressurization.
(2) For molecular-sieve membranes, a similar standard of perfection must be ensured to have no
continuous pores with sizes greater than a certain critical size existing between the upstream and
downstream membrane faces. For H, separation, the pore size limit is around 0.3-0.4 nm [13,14].
Adsorption on the pore walls may reduce the effective openings well below that of the “dry” substrate.
(3) Most gas streams in industry contain condensable and adsorptive or even reactive components, so it
is often desirable to remove such components prior to the membrane separation stage.

Such pretreatment is not a major problem and other competitive separation processes such as
PSA also use feed pretreatments. However, the more robust the membrane system is in its ability to
accept unconditioned feeds, the more attractive it is in terms of flexibility and ease of operation
[21]. Therefore, for any type of membranes the chemical stability and/or thermal stability are of
significant concern with respect to its life and operation. Besides the technical requirements as
mentioned above, practical requirements dictate that a membrane should provide commercially
attractive throughputs (fluxes) [22, 23]. Even for materials with relatively high intrinsic permeabilities,
commercially viable fluxes require that the effective thickness of the mem- brane be made as small as
possible without introducing defects that destroy the intrinsic selectivity of the material. In practice,
even highly permeable membranes are not used in thick membrane form to minimize the total materials
costs because of the enormous membrane areas required for large-scale gas separation. In addition to
flux, a practical membrane system must be able to achieve certain upstream or downstream gas H,
compositions [15]. The ideal separation factor or permselectivity, i.e., the ratio of the intrinsic
permeabilities of the two permeates, should be as high as possible to allow flexibility in setting
transmembrane pressure differences, while still meeting gas purity requirements. Permselectivity also
determines the energy used in compressing the feed gas, and if multistage system designs are
needed. Unfortunately, high permselectivities correlate with low intrinsic membrane permeabilities,
and this presents a compromise between productivity and selectivity of the membrane [6, 24]. The trade-
off between intrinsic membrane permeability and selectivity is a major issue concerning re- searchers
who are constantly striving for better materials to optimize both properties.



Energy Security and Chemical Engineering Congress IOP Publishing
IOP Conf. Series: Materials Science and Engineering 736 (2020) 022004 doi:10.1088/1757-899X/736/2/022004

3.Porous membrane for H, production

Permeable ceramic, especially microporous membranes have high penetrability and moderate to high
selectivity, and are synthetically and thermally steady [25]. In this manner, they are appealing for
applications in H, generation responses. There are different sorts of permeable membranes that have
been tried for H, separation or creation in the writing. These incorporate carbon sub-atomic strainer
membranes for refiner gas separation and H; recovery. They have shown in pilot scale contemplates that
carbon sub-atomic sifter membranes can be exceptionally effective for isolating H, from refiner gas
streams. Air items and synthetic compounds Inc. has utilized such innovation for H, enhancement to
56— 60% before PSA cleansing to create 99.99% H, [19]. In any case, because of its mind boggling sur-
confront science carbon sub-atomic strainers are not viewed as attainable possibility for membrane
reactor applications, for example, in steam changing and the water gas move responses be-reason for
the oxidative idea of its surface. Another kind of permeable ceramic membrane detailed for use in H,
generation application depends on alumina mesoporous membranes [26]. Be that as it may, the majority
of the separation information were for helium and vehicle bon tetrafluoride, not for H,. Notwithstanding
for He, the selectivity is genuinely low around the Knudsen permeation factor in the request of 1- 10
[27]. Silica and silica functionalized clay membranes are indicating extraordinary potential for proposed
use of H, separation and creation. There has been a huge advancement in silica membranes in the most
recent decade with a few gatherings in the USA, Holland, Germany, Japan and Australia driving the
exploration endeavors around there. The accompanying sub-segment will exhibit a review of
microporous sub-atomic sifter membranes dependent on sol— gel inferred silica materials which have
been accounted for to be great H, permselective membranes.

Plenitude of distributions, particularly as of late, collectively prove the conspicuous position of
polyimides as sufficient forerunners for readiness of carbon membranes [12, 28-30]. This is accepted to
owe the unmistakable properties of polyimides like unbending nature, high liquefying point and glass
change temperature (Tg) while keeping up great concoction and warm dependability. In this way
different classes of polyimides including those containing hexafluoroisopropylidene (6FDA) bunches
[13, 31-33], P84 [5, 9, 34], pyromellitic dianhydride (PMDA, Kapton) [35, 36], tetracarboxylic
dianhydride (BTDA)- [5, 15, 37, 38] and 2,4,6,- trimethyl-1,3-phenylene diamine, 3,3,4,4-
biphenyltetracarboxylic dianhydride (BPDA)- based [39] polyimides have experienced examinations.
A far reaching reference on the carbon membranes got from the group of polyimides is classified
somewhere else [40, 41]. Among them, Matrimid is generally perceived as it is to a great extent
accessible as a business item [42-44]. Matrimid has been utilized as a model polymer for concentrate
the porosity and its related impacts on gas permeation properties of carbon membranes [45]. Jiang et al.
utilized Matrimid for manufacture of empty carbon fiber membranes [46]. In view of their investigation,
despite the fact that the aftereffects of single membrane empty filaments were not appealing, the
incorporation of Matrimid as an internal membrane pursued by an external PSF-beta blended network
membrane brought about fundamentally improved gas separation execution. In another endeavor to
enhance in gas transport and separation execution of carbon membranes, Bersema et al. [45] connected
the synthetic adjustment and dissolvable treatment methods on forerunners arranged from Matrimid.
The outcomes uncovered the impacts of swelling caused by dissolvable and the nearness of an ideal
cross-connecting thickness.

Immense encounters have shown the intriguing focal points offered by the contribution of mixing
innovation into the zone of polymeric gas separation membranes. Be that as it may, predetermined
number of studies have broadened mixing for advancement of carbon membranes [47-49]. It ought to
be noticed that the greater part of these examinations is distributed as of late which may mirror a positive
pattern toward this methodology. The principle target of this investigation is to investigate the benefits
of utilizing mixing procedures in improving the gas separation execution of carbon membranes. It is
foreseen that mixing can be utilized as a straightforward while successful and effective device in fitting
the properties of membranes. The premier consideration was paid to the determination of materials
agreeable to frame a homogeneous network and satisfy the desires. Accordingly, four superior polymers
were chosen for a complete examination. The point was additionally improved by playing out a precise
examination and inclusion of different parameters including pyrolysis temperature, mix piece and
compound alteration. Membranes were in the end broke down as for their gas separation execution.
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Results uncovered that fascinating gas porousness and perm selectivity could be accomplished in carbon
membranes built by mixing and determination of an appropriate arrangement of parameters. It is trusted
that the information acquired in this examination not just gives helpful rules to advancement of
membranes with one of a kind structures yet additionally presents another class of superior membranes
with alluring possibilities for different gas permeations including nitrogen (N,) expulsion from gaseous
petrol streams which has been experiencing mechanical impediments among membrane applications.

4. H; as future economy development

The idea of a H, economy, a circumstance where H; is utilized as the significant bearer of energy, has
been prevalent for a long time among futurists and some strategy creators. The capability of H, has been
known for just about two centuries. The principal burning motor, created in 1805 by Isaac de Rivaz, was
energized with H,. Notwithstanding, it was steam, and later oil, that have fueled the world's motors up
until now, numerous nations around the globe are truly thinking about the ramifications of a move
towards a H, economy. The developing enthusiasm for H, is driven essentially by its capability to
unravel two noteworthy difficulties standing up to a considerable lot of the world's economies, how to
accomplish vitality freedom while limiting the ecological effect of financial movement. There are four
basic advances that should be produced before a H, economy could be figured it out:

(1)  Cost powerful creation of H, in a carbon con-stressed worldwide vitality framework. The
difficulties around there incorporate the generation of H, from petroleum derivatives with carbon
sequestration considered, and expanding usage of inexhaustible sources.

(2)  H; decontamination and capacity advances that will have the capacity to isolate, and filter the H,
streams to the prerequisites of the ensuing stockpiling and use systems. Proficient and functional
capacity gadgets for H, should achieve the US DOE focus of 6.5 wt%.

(3)  An productive, broadly accessible and very much oversaw H, conveyance and dissemination
framework.

(4) Efficient power modules and other vitality transformation innovations that use H,. One of the
promising possibility for H, separation and purification is inorganic membrane, which has additionally
indicated expanding significance in membrane reactors in H; creation forms.

So far there is no systematical audit of the status of membranes for H. applications. It is the points
of this survey to give a broad appraisal of the ongoing advances in both thick stage metal and permeable
fired membranes, and look at their separation properties and execution in membrane reactor frameworks
specifically for flammable gas improving and the water gas move responses. The arrangement, portrayal
and penetration of the different membranes will be exhibited and talked about. We additionally mean to
feature some basic issues in these membranes as for the specialized and monetary favorable
circumstances and hindrances. H, is the most inexhaustible component on earth [8]. It tends to be
separated from water, biomass, or hydrocarbons, for example, coal or petroleum gas. H. can likewise be
created by atomic vitality or by means of power got from sustainable assets, for example, wind, sun
oriented or biomass. H, is regularly alluded to as 'spotless vitality' as its burning produces just water, be
that as it may, the generation of H.from hydrocarbons, yields CO., an ozone depleting substance. All
inclusive, H, is as of now created in huge amounts (around 5 billion cubic meters for each annum) and
is utilized mostly to deliver smelling salts for compost (about half), for oil refining (37%), methanol
generation (8%) and in the concoction and metallurgical ventures (4%). With more prominent
accentuation put on natural supportability, vitality cost and security (both for stationary and transport
parts), extensive endeavors are presently being coordinated at the building up the innovations required
to assemble a foundation to help a "H. economy" [7, 50]. Global interest in H, has quickened drastically
in the course of recent years and is currently in the scope of a few US billion dollars. For example, the
Bush Administration as of late reported a $US1.7 billion projects coordinated at progressing H,
advances, specifically, energy unit vehicles. Japan likewise as of late declared plans to present around
4000 H. filling stations by 2020 [49]. Maybe the best known case of a 'H, economy' is Iceland which has
define an objective for an entire progress to H, by 2030. In this situation, H, will be created by means of
Iceland's geothermal and hydro assets and bolstered into power modules for stationary applications
(homes, organizations) and for transportation (autos, transports, angling vessels, and so on.). So also,
Hawaii is as of now leading a practicality concentrate to survey the potential for huge scale utilization
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of H,, power devices, and sustainable power source. Various mechanical obstructions should be defeated
in connection to H, selectivity and permeability. The pathway to H, is additionally still vague. Numerous
nations around the globe have inexhaustible assets in coal and gas, and these petroleum derivatives
would assume a key job in such a progress. Any major H, activity will likewise require critical interest
in new foundation (pipelines, storerooms, fuelling stations, and so on). H, guarantees to energize decent
variety in a country's vitality blend while possibly offering a cleaner situation [51].

In thermochemical forms for H, generation from non-renewable energy sources, separation and
sanitization is a basic innovation. Where water— gas move response is included for changing over the
carbon monoxide to H,, membrane reactors indicate extraordinary guarantee for moving the harmony.
Membranes are additionally imperative to the ensuing cleansing of H.. H. can be financially created by
steam transforming, a response among steam and hydrocarbons, utilizing bolstered nickel impetuses.
Focused separation forms for H. from, for example, streams incorporate amine retention (CO,
separation), weight swing adsorption (PSA) and membrane separation [19, 20]. Amine retention forms
are an extremely develop innovation and won't be talked about further. From the experience of H.,
separation in refineries, membrane frameworks are more efficient than PSA as far as both relative capital
speculation and unit recuperation costs. On the off chance that H, is specifically expelled from the
response framework, thermodynamic equilibria of these responses are moved to the items side, and
higher changes of CH. to H. and CO, can be accomplished and at even lower temperatures. As a matter
of fact, upgraded execution of steam improving with a genuine membrane synergist framework was
right off the bat, reliable with PC recreation thinks about [52]. They utilized a Pd circle mem-brane with
a thickness of 100 ym, which adequately upgraded H. generation, yet at high temperatures of 700 or 800
‘C. As per the estimation by Sazali et al. [14], membrane separation can result in the noteworthy
transformation enhancement for the CH. steam-improving in a lower temperature scope of 500— 800 -C.
At such moderate temperatures, industrially profit capable Pd membranes are too thick to even consider
working adequately. The basic highlights of membrane for fruitful membrane reactors are high
separation selectivity, as well as high porousness, which mean the rate of penetration ought to be
practically identical to the rate of synergist response. Another vital component is the soundness and
strength of the membrane.

5. Conclusion

Inorganic membrane offers favorable circumstances, for example, high motion and high temperature
task, and can be additionally separational into metallic (thick stage) and fired (permeable and non-
permeable). H. particular membranes come in different kinds and show varying separation performance.
The key particular atom transport instruments in membranes are arrangement dispersion for thick and
natural sorts while permeable sorts transport particles by Knudsen stream and initiated dissemination
(sub-atomic sieving). The interesting H, particular capacities of membranes have critical potential in
film reactors where consistent expulsion of response items could prompt impetus decreases, lessened
activity measure, diminished costs and enhanced temperature and weight conditions. Unmistakably
membranes are incredible contender for H, decontamination, particularly when consolidated with film
reactor joining response/separation in a solitary unit.
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