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Biogas is a renewable energy source like solar and wind energies and mostly produced from anaerobic
digestion (AD). The production of biogas is a well-established technology, but its commercial utilization is
limited because on-site purification is needed before its transport or use. Biogas composition varies with
the biomass digested and contains mainly methane (CH,4) and carbon dioxide (CO5), as well as traces of
hydrogen sulfide (H,S), ammonia (NHs), hydrogen (H,), nitrogen (N,), carbon monoxide (CO), oxygen (O,).
In some cases dust particles and siloxanes are present. Several purification processes including pressurized
water scrubbing, amine swing absorption, pressure swing adsorption, temperature swing adsorption,
cryogenic separation and membrane technologies have been developed. Nevertheless, membrane
technology is a relatively recent but very promising technology. Also, hybrid processes where membranes
are combined with other processes are believed to have lower investment and operation costs compared
with other processes. In this report, a discussion on the different materials used to produce membranes for
gas separation is given including inorganic, organic and mixed matrix membranes, as well as polymer of
intrinsic microporosity (PIM). Advantages and limitations for each type are discussed and comparisons are
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1. Introduction

Biogas is a renewable energy source like solar and wind ener-
gies. It is also a carbon neutral fuel produced from anaerobic
digestion (AD) which is one of the most efficient ways to store
energy. Solid and liquid digestates of AD are rich in nutrients
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made in terms of permeability and diffusivity for a range of operating conditions.

for plants and soil microflora, such as nitrogen and phos-
phorus. Additionally, pathogens and parasites are inactivated
during AD. Most of the time, the digestates simply need a
stabilization post-treatment and their characteristics allow
them to be used for soil amendment without sanitation risks,
such as water borne diseases."

The substrates to produce biogas by means of AD are
residual organic materials (ROM) issued from municipal,
industrial, institutional and agricultural sectors. AD can take
place in liquid or solid phase, but the most common digester
operation is in liquid phase. The inlet solid concentration in the
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digester is usually in the 2-10% range.> AD technology is also
cheaper and simpler than others to produce bio-fuels. It can
also be found in a wide range of sizes. For example, small scale
application is a common way to transform house wastes into
biogas for heating and cooking in several countries. The
production of biogas as a fuel does not contribute to the accu-
mulation of greenhouse gases (GHG) in the earth's atmosphere
because the carbon dioxide (CO,) produced during combustion
was previously captured by plants. The production of biogas
from ROM represents a controlled capture of methane (CH,)
produced during AD, thus avoiding the emissions of this GHG
to the atmosphere like in the case of landfilled ROM.?

Biogas has a high calorific value (35-44 kJ g~ ') which is
similar to diesel, kerosene and LPG. It is also higher than other
energy sources like coal and wood.* Typically, biogas contains
55-60% CH, and 38-40% CO,. It can also contain small
amounts of incondensable gases like nitrogen (N,), oxygen
(0,) and hydrogen (H,), as well as traces of hydrogen sulfide
(H,S) and volatile organic compounds (VOC). The acid
compounds in the gas and the impurities are corrosive or have
the potential to produce corrosive compounds during biogas
combustion. These compounds will affect the metal parts of
internal combustion engines and tubing.® Therefore, biogas
purification is mandatory before corrosive compounds enter
the natural gas grid or combustion engines. The purification
costs can sometimes be so important that the production of
upgraded biogas is economically less attractive than other
biofuels. Nowadays, technological processes to clean-up
biogas, as well as their optimisation, are attractive to
decrease biogas upgrading costs. Examples of these technol-
ogies are absorption, high pressure scrubbing, high pressure
adsorption, as well as cryogenic separation and membrane
separation. Among these technologies, the latter is potentially

Avalos Ramirez, Chemical engineer from Universidad Nacional
Autonoma de Mexico and Ph.D. from Universite de Shrbrooke. Dr
Avalos Ramirez is researcher in agrienvironmental and bio-
processes engineering in the “Centre national en electrochimie et en
technologies environnementales (CNETE)”. Specialist with 10 year
experience in treatment of air polluted with volatile organic
compounds and greenhouse gases using biological processes, such
as biofilter and biotrickling filter. Other fields of expertise are:
anaerobic digestion, wastewater treatment, integration and simu-
lation of chemical and biological processes, and valorisation of
biomasses in biofuels and bioproducts.

Denis Rodrigue is a professor in the department of chemical
engineering at Université Laval, Canada. He obtained a Ph.D. in
chemical engineering from Université de Sherbrooke in 1996 with a
specialization in rheology and non-Newtonian fluid mechanics.
His main research activities involves polymer (thermoplastics and
elastomers) processing, characterization and modelling.

24400 | RSC Adv., 2015, 5, 24399-24448

View Article Online

Review

advantageous for biogas purification, as discussed in the
present document.®

2. Biogas

Biogas is produced by the biological transformation under
anaerobic conditions of organic matter present in wastes like
manures, sewage, sludge, municipal wastes, green wastes and
plant residues.” Most of the substrates used to produce biogas are
solid wastes or wastewater issued from agri-food industry,
beverage industry, alcohol distilleries, pulp and paper industry,
and other miscellaneous sectors.® The sources of biogas
production are from landfill gas (LFG) and agricultural produc-
tion, as well as different organic streams from municipal, resi-
dential and commercial sources. Another important source is
wastewater treatment plant residuals. Moreover, biogas is
commonly produced using regionally available wastes and its use
decreases the consumption of fossil fuels.” This gives biogas
production and combustion its “environmentally friendly” label,
and led many governments to promote its production by means
of renewable energy subsidies.'® Overall, biogas is an excellent
energy source for a huge applications, which can be grouped in
three categories: heat and steam, generation/cogeneration of
electricity, and vehicle fuel.*"*** Fig. 1 shows the biogas life
pathway, from biological sources up to final uses.™

2.1 History of biogas production and technology

Initially, biogas has been used cooking in Assyria as early as the
10t century B.C. AD was also applied in ancient China using
solid wastes.” Marco Polo mentions the use of covered sewage
tanks going back 2000-3000 years in ancient Chinese literature.
There are documents recording the use of AD by humans in the
mid-nineteenth century, for example the construction of
digesters in New Zealand and India, as well as the capture of
biogas from a sewage sludge digester in Exeter (UK) to fuel
streetlights in the 1890." In the Guangdong province of China,
an 8 m® hydraulic biogas tank fed with garbage was constructed
as early as 1921 to commercially produce biogas for cooking and
lighting.™ At the same time, the first plant of sewage treatment
product biogas into the public gas supply started in Germany
and the first large scale agricultural biogas plant began opera-
tion around 1950 in Germany. In the 1970, high oil prices led to
the development and research of alternative energy sources,
thus contributing to increased interest in biogas technology.
This also resulted in many countries of Asia, Latin America and
Africa to experience a rapid growth of biogas digesters
construction during the 1970 and the first half of the 1980." The
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Fig. 1 Pathway from biogas source, ad reaction, and clean up to distribution for utilization.

domestic use of AD digesters continued to grow in Asia. For
example, in China at the end of 1988, 4.7 million biogas
digesters for household were recorded, while the number grew
up to 26.5 million digesters in 2007.*® But the majority of those
digesters had volumes between 6 and 10 m®. Another example is
India where more than three million family-sized digesters were
reported in 1999. From this date to 2007, the Indian govern-
ment promoted the construction of nearly four million of these
family-sized digesters."

According to an Energy Barometer on Biogas published in
Europe, the production of renewable fuel has high potential and
is growing rapidly due to increased concerns about oil and gas
prices, as well as climate changes. For example, biogas
production in the EU was 5.35 million tons of oil-equivalents
(mtoe) in 2006, which was 13.6% higher than the biogas
production during 2005. One of the main final uses of biogas is

the production of electricity, which grew up by almost 29% over
the same period. Germany was ranked first in Europe for the
generation of electricity from renewable gas with a 55.9%
growth in 2006.*° Fig. 2 shows the trend of biogas development
in Germany where the number of digesters increased from 139
to 3711 between 1992 and 2007.**

The first anaerobic digester supplied exclusively with
commercial food wastes in North America (BioCycle London,
ON) started in 2013.>> The AD plant, designated as “Energy
Garden”, has the capacity to treat about 70 000 tons per year.
The treated wastes are mostly food wastes (fats, used fryer oils,
grease and other wastes from restaurants, grocery stores, and
food processing). The CH, produced is sent to a 6 MW generator
producing electricity sold under the Ontario government's
Renewable Energy Standard.
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Fig. 2 Development of biogas plants in Germany between 1992 and 2007.
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2.2 Anaerobic digestion (AD)

Anaerobic digestion is widely used to produce biogas as a
renewable biofuel. Recently, AD attracted the attention of
several countries, especially the United Kingdom, Germany
and Denmark.?® This bioprocess can play an important role to
solve environmental problems such as the management of
residual organic wastes and increasing GHG concentration in
the atmosphere. Furthermore, the liquid fraction of the
digestate can be used as a fertilizer, while the solid fraction
can be used for other value-added products such as lig-
ninolytic enzymes or fuels like lignocellulosic ethanol and
syngas.>*

Nevertheless, AD process is a complex and the biotrans-
formation of into CH, is performed by chemoheterotrophic/
methanogenic microorganisms. This conversion follows four
steps: (1) hydrolysis, (2) acidogenesis, (3) acetogenesis, and (4)
methanogenesis (see Fig. 3).* During hydrolysis, polymeric
and complex compounds of organic matter are hydrolyzed to
free sugars, alcohols and other simple compounds. In acido-
genesis and acetogenesis, these simple compounds are
transformed into volatile fatty acids (VFA), acetic acid, CO,,
and hydrogen (H,). Finally, during methanogenesis, acetic
acid, CO, and H, are converted to CH, ' Typical parameters
used to follow AD performance are VFA, alkalinity, VFA/
alkalinity ratio, biogas production rate, biogas concentration
of CH, and CO,, pH, COD (chemical oxygen demand).
Generally, these parameters are monitored to get comple-
mentary information.>**’

Organic matter
(Carbohydrates, lipids, proteins etc.)
Stage 1 Hydrolysis Lipase, protease, pectinase,
cellulase, amylase produced
by hydrolytic microorganisms
v
Carboxylic volatile acids, keto acids,
hydroxy acids, ketones, alcohols,
simple sugars, amino acids, H, and CO,
Stage 2 Acidogenesis B-oxidation, glycolysis,
deamination, ring reduction
and ring cleavage

Short chain fatty acids
(Mainly acetic and formic acid)

Stage 3 Acetogenesis

Acetate CO, and H,

Decarboxilation and
reduction of CO,

Stage 4 Methanogenesis

Methane + CO,

Fig. 3 Metabolic route for the conversion of organic matter to the
methanogenic substrates (acetate, CO, and H,) and finally to CH,4 and
COs.
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2.3 Biogas composition and utilization requirements

As mentioned above, biogas contains mainly two molecules:
CH, and CO,. Nevertheless, traces of different common gases
(H,S, NH3;, H,, N, O,, CO) and saturated or halogenated
carbohydrates can be present. Also, the gas mixture is satu-
rated with water with possible presence of solid particles and
siloxanes. Biogas composition varies with the biomass
digested and Table 1 presents typical compositions for three
different biomasses.”® The calorific power of biogas is
proportional to its CH, content. For internal combustion
engines, a CH, concentration higher than 90% is recom-
mended.*® CO, concentration in biogas is however up to 50%
leading to reduced engine power output for electrically driven
power plants by internal combustion engines. Water causes
corrosion in the distribution pipeline and the presence of H,S
or CO, may corrode metallic surfaces such as valves, gears and
exhaust systems. Sulfur stress cracking (SSC) is the main
corrosion mechanism when a metallic part is in contact with
H,S. Gosh reported that this mechanism starts when the
concentration of H,S is above 50 ppm.** This problem
increases the engine maintenance costs.

Biogas can be upgraded to natural gas for the same appli-
cations and Table 2 shows the variation of biogas specifications
and the different requirements according to final use.** For
example, H,S concentrations below 1000 ppm are required for
heating boilers, while for gas engines (CHP) the H,S content
should be lower to increase engine operation time with water
partial pressure low enough to avoid condensation. The

Table 1 Typical composition (%) of biogas®®

Agricultural Industrial
Component waste Landfills waste
Methane CH, 50-80 50-80 50-70
Carbon dioxide CO, 30-50 20-50 30-50
Hydrogen sulphide H,S 0.70 0.10 0.80
Hydrogen H, 0-2 0-5 0-2
Nitrogen N, 0-1 0-3 0-1
Oxygen O, 0-1 0-1 0-1
Carbon monoxide CO 0-1 0-1 0-1
Ammonia NH; Traces Traces Traces
Siloxanes Traces Traces Traces
Water H,O Saturation Saturation Saturation

Table 2 Requirements to remove gaseous components depending
on the biogas utilisation®

Application H,S CO, H,0

Gas heating (boiler) <1000 ppm No No

Kitchen stove Yes No No

Stationary engine <1000 ppm No No condensation
(CHP)

Vehicle fuel Yes Recommended Yes

Natural gas grid Yes Yes Yes

¢ Yes: removal required. No: removal not required.

This journal is © The Royal Society of Chemistry 2015


https://doi.org/10.1039/c5ra00666j

Published on 17 febrero 2015. Downloaded on 30/08/2024 5:19:47.

Review

Table 3 Pipeline specifications when supplying upgraded biogas to the

View Article Online

RSC Advances

natural gas grid: France, German, Austrian, and USA standards®?3*

Compound Unit France Germany Austria USA
Wobbe index kW hm™? 13-15.7 12.8-15.7 13.3-15.7 —
Heating value kWhm™ — 8.4-13.1 10.7-12.8 9.8-11.4
CO, mol% <2 <6 <2 <2

H,0 <Dewpoint <Dewpoint <Dewpoint <120 ppm
H,S mol% <0.00052 <0.0003 <0.0004 <0.00037
H, mol% <6 <5 <4 —

O, dehydrated gas networks mol% — <3 <4 <0.2-1

O, not dehydrated gas networks mol% — <0.5 <0.5 <0.2-1

presence of organic silicon compounds such as siloxanes in
biogas can lead to abrasion problems due to deposition of silica
on metallic surfaces.

When biogas is used as fuel for transport vehicles, it is
injected in the same engines configured for natural gas. This
means that CO,, H,S, NHj3, particles, water, and other trace
components must be removed to obtain a fuel with a CH,
content of 95% (v/v) for high calorific value and engine safety.
The specifications related to biogas quality for use as vehicle
fuel and for introduction into the natural gas grid vary in each
country. Table 3 reports the specifications for upgraded biogas
to be distributed in the natural gas grid in France, Germany,
Austria, and USA.3*3*

3. Comparison and evaluation of
upgrading technologies for biogas
purification

As mentioned above, biogas is a mixture of several compounds
containing CH, (giving its calorific value) and non-combustible
carbon dioxide (CO,). In order to increase its calorific value,
improve biogas combustion and decrease corrosion problem, CH,
concentration must be increased and impurities must be
removed. It is know that CH, is a clean fuel, the combustion being
without any soot particles or other pollutants. Apart from CO,,
biogas also contains small quantity of hydrogen sulphide (H,S).
When water is present, H,S is dissolved and the aqueous solution
is highly corrosive, making the biogas unusable. When the biogas
is burned, H,S is oxidized to sulfur oxides which react with water
and form acid (H,SO;). This acid is also corrosive and attacks the
metallic surfaces of gas pipeline. The nonflammable CO, in
biogas not only reduces its calorific value, but also corrodes
pipelines when water is present. On average, the biogas calorific
value is 21.5 MJ m >, while that of natural gas is 35.8 MJ m .’

The biogas calorific value is upgraded, when CO, is removed
from the biogas. Others impurities like N,, O,, ammonia,
siloxanes and particles are function of the source type and
environment. Siloxanes can also damage heat exchangers and
pumping equipment because they react to form silicon oxides
during combustion producing solid deposits eroding mobile
surfaces and reducing heat transfer.

Removal of CO,, H,S and impurities from biogas is
commonly named upgrading. Biogas upgrading improves gas
quality, which must be composed of more than 88% CH, to

This journal is © The Royal Society of Chemistry 2015

become acceptable for more advanced utilisation, especially
heat efficiency. It is then suitable for use in gas grids and
vehicles.*®

Today, several technologies are available on the market for
biogas upgrading. The main unit operations are absorption,
adsorption, cryogenic separation, and membrane separation
(Fig. 4) as described next.

3.1 Absorption

Absorption can be a physical or chemical phenomenon. High
pressure water scrubbing (HPWS)** and organic physical
scrubbing (OPS) are physical absorption. Amine scrubbing (AS)
and inorganic solvents scrubbing (ISS) are chemical absorption.
HPWS is a technique based on physical absorption by dissolv-
ing gases in a liquid (water). In the case of biogas upgrading, the
solubility of CO, and H,S is much higher than that of CH,.
Pressure affects the solubility of all compounds. First, the
biogas enters a separator at a pressure of 2 bar where water and
compounds heavier than CH, and CO, condense. Then, the gas
is compressed to 10 bar and injected into the bottom of a
scrubber where water is sprayed to absorb CO,. The gas leaving
the scrubber is sent to dry and CH, concentration can reach
98%. Water is sent to a unit of desorption where the pressure
decreases to 1 bar allowing water regeneration. The main
advantage of HPWS is its simplicity and high efficiency of
methane recovery (>97% CH,). This technique requires water
and an absorption column. The main disadvantages are high
investment costs, high operating costs, possible clogging
because of bacterial growth, foaming, low flexibility toward

Biogas
upgrading
I 1 I I 1
. . Membrane| |Cryrogenic
Absorption Adsorption separation| [distillation
—I— ———
Physical Chemical PSA Polymer MMMs
Co- .
HPWS AS TSA Zeolite
polymer
oPA 1SS ESA cross- MOF
linked
Blend cMS
polymer

Fig. 4 Current technologies for biogas upgrading.
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variation of gas input, as well as important consumption of
water and energy.”

Organic physical absorption uses organic solvent solution
(polyethylene glycol) in place of water. Carbon dioxide has
higher solubility in these organic solvents, resulting in lower
scrubbing liquid circulation and less equipment for the same
raw biogas capacity. Examples of organic physical scrubbing are
commercially available for biogas upgrading technologies:
Genosorb, Selexol, Sepasolv, Rektisol, and Puriso. The advan-
tages are the same as HPWS including high recovery efficiency
(>97% CH,), at the same time elimination of organic compo-
nents as well as H,S, NH;, HCN, and H,0. The disadvantages
are high investment and operation costs, complex operation,
unfinished regeneration when stripping and vacuum are used
(boiling required). There is also limited performance if glycol
dilution (water) is implemented.*®

Amine scrubbing (AS) is a chemical scrubbing process using
aqueous solutions of different alkylamines to remove H,S and
CO,. The most common alkanolamines used in industry are
diethanolamine (DEA), monoethanolamine (MEA), and methyl-
diethanolamine (MDEA). A typical amine gas treatment
includes an absorption column and an amine regeneration
unit. In absorption columns, amine solution absorbs the gases
to be removed (H,S and CO,) producing a sweetened gas. Then,
the amine solution including acid gases is sent to the regener-
ation unit (stripper and re-boiler) to regenerate or “lean” amine
which is returned to the absorption column. The stripped
overhead contains a highly concentrated H,S and CO, stream.

The main advantages are high upgrading efficiency with CH,
concentration >99% and low operation costs. The disadvan-
tages are high investment costs, heat is necessary for regener-
ation, corrosion, and decomposition and poisoning of the
amines by O, or other compounds, precipitation of salts, and
foaming.*®

Inorganic solvent scrubbing (ISS) can be performed using
potassium, sodium carbonate, and aqueous ammonia solu-
tions.* Generally, these processes are done with slight solvent
changes and catalytic additions.

3.2 Adsorption

Adsorption processes can be categorized as pressure swing
adsorption (PSA), vacuum swing adsorption (VSA), temperature
swing adsorption (TSA), and electrical swing (ESA). PSA is a
process separating molecules in a gas mixture at elevated
pressure. The adsorbing materials generally used are different
types of activated carbon, molecular sieves or zeolites,
depending on the gas molecular characteristics and affinity of
the adsorbing material. These adsorbing materials can prefer-
ably adsorb CO, and H,S from the biogas, thus methane
concentration increases in the gas. The higher the pressure, the
more gas is adsorbed. When the pressure is reduced, the gas is
freed or desorbed. This process produces a separation since
different molecules in a gas mixture tend to be more or less
strongly attracted by different solid surfaces. When the adsor-
bed bed is close to saturation, the regeneration reaction takes
place by reducing pressure, thereby freeing the adsorbed gases.

24404 | RSC Adv., 2015, 5, 24399-24448
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It is then ready to cycle again. The advantages of PSA are: high
CH, concentration (95-99%) and the gas can be directly deliv-
ered at high pressure (no need of compression). PSA disad-
vantages are high investment costs, high operation costs and
extensive process control needed.*

The process of VSA is a special case of PSA where the pres-
sure is reduced to near-vacuum condition.*”

In the case of TSA, adsorbent regeneration is achieved by an
increase in temperature as increasing temperature at constant
partial pressure decreases the amount adsorbed in the gas
phase (or concentration in the liquid phase).*® A very important
characteristic of TSA is that it is used exclusively for treating low
adsorbate concentration feeds. Temperature increase alone is
not used in commercial processes, but passage of a hot purge
gas or steam through the bed to release the desorbed compo-
nents is almost always used in conjunction with increasing
temperature. TSA disadvantages are low energy efficiency and
thermal aging of the adsorbent.

In ESA, a voltage is applied to heat the adsorbent and release
the adsorbed gas. This technique is not very common in
industrial practice.*

3.3 Cryogenic separation

Cryogenic process is based on the principle that different gases
liquefy under different temperature-pressure conditions. It is a
distillation process operated under very low temperatures (close
to —170 °C) and high pressure (around 80 bar). Therefore, the
production of very pure CH, can use this technology. The
process consists of cooling and compressing the raw biogas in
order to liquefy CO,, which is then easily separated from the
biogas. This process allows treating high flow rates of raw
biogas reaching CH, concentration in the range from 90% to
99%. Cryogenic processes require the use of a large amount of
equipment and instruments such as compressors, turbines,
heat exchangers, and distillation columns. It also requires high
capital and operating costs.*

3.4 Membrane separation

Membrane separations are particularly appealing for biogas
upgrading due to their lower energy consumption, good selec-
tivity, easily engineered modules, and therefore lower costs.
High CH, recovery efficiency can be reached (>96%), while pure
CO, can be obtained. The main disadvantage of membrane
separation is that multiple steps are required to reach high
purity.”® This technology for biogas upgrading is based on gas
dissolution and diffusion into polymer materials (membranes).
When a differential pressure is applied on opposing sides of a
polymer film, gas transport across the film (permeation) occurs.
The gas rate of permeation is controlled by the solubility coef-
ficient and diffusion coefficient of the gas-membrane system.
Polysulfone, polyimide or polydimethylsiloxane are the
common membrane materials for biogas upgrading. In the
mid-1980, Cynara (Natco), Separex (UOP), and Grace Membrane
Systems were already selling membranes made from cellulose
acetate to remove CO, from CH, in natural gas. Thereafter, the
largest membrane plant for natural gas processing (CO,/CH,

This journal is © The Royal Society of Chemistry 2015
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separation) was installed in Pakistan in 1995 with spiral wound
modules.” Medal (Air Liquide) polyimide hollow fiber
membrane modules were available almost at the same time, in
1994.%%

3.5 Comparison and evaluation of biogas upgrading
technologies

A comparison between different biogas upgrading technologies
can be difficult because several important parameters are
strongly dependent on local conditions and requirements. The
development of most biogas upgrading technologies is pres-
ently enough to satisfy any potential plant operation. For a rapid
assessment of the main parameters and costs of the different
biogas upgrading systems, a “Biomethane Calculator” was
developed.®® Table 4 presents these parameters and the most
important biogas upgrading technologies used for typical raw
biogas composition and small plant capacity (below 1000 m?
h™"). The values for the different parameters represent means of
upgrading plants taken from the literature data. The cost basis
used is March 2012.

Table 4 shows that membrane technology presents several
advantages. For example, it has the possibility to adjust the
plant layout to local particularities like low demand of electric
energy, low investment and operating costs. The lower methane
recovery (80%) could be improved to 99.5% using multiple
membrane steps and multiple compressors or efficient
membrane configurations. It is also clear that both investment
and operational costs are lower for membrane separation
processes. This comparison is however only true for low
capacity equipment (below 1000 m® h™%).
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4. Commercial polymer membranes
for clean biogas

Although membrane technologies were shown to have
remarkable performance for biogas upgrading, the number of
commercially operated plants is limited. In general, biogas
upgrading plants are classified into commercial plants (high
capacity) and research installations (low capacity). Table 5
presents a list of biogas upgrading installations using
membrane separation.

The first biogas upgrading plant was built in 1990 in Col-
lendoorn (Netherlands) for commercial use. CH, concentration
can reach 88% with a rate of 25 m® (STP)/h from landfill and
uses hollow fiber membranes (Cirmac). The raw gas flow rate
can reach 375 m® (STP) per h today.

The first plant in USA to upgrade biogas using membrane
separation (UOP, SeparexTM) was situated in 1993 in Los
Angeles County. The biogas was produced by landfill and the
plant had a capacity of 2600 m® of raw gas per h and a gas
containing 97.5% of CH, was obtained.

Bebra Biogas established an upgrading setup in Kisslegg-
Rahmhaus (Germany) to treat 300 m®> h™' and produce a gas
with a CH, concentration of 98.7%. The feed pressure was 5-7
bar. Previous treatment was necessary in this case, such as
dehydratation by condensation and H,S removal via activated
carbon. If not, the gas permeation step to remove CO, from the
remaining mixture is affected. In recent years, upgrading biogas
plants based on membranes increased substantially in USA and
Europe since biogas is now believed to be a competitive
renewable energy indicating great potential in the world energy
market.

Table 4 Comparison and evaluation of the costs of different biogas upgrading technologies®®

Organic physical Amine Membrane
Parameter Water scrubbing scrubbing scrubbing PSA technology
Typical methane content 95.0-99.0 95.0-99.0 >99.0 95.0-99.0 95.0-99.0
in biomethane [vol%]
Methane recovery [%] 98.0 96.0 99.96 98.0 80-99.5
Typical delivery pressure [bar(g)] 4-8 4-8 0 4-7 4-7
Electric energy demand 0.46 0.49-0.67 0.27 0.46 0.25-0.43

[kwhel m* biomethane]

Heating demand and temperature level — —
Desulphurization requirements Process dependent  Yes
Consumables demand Antifouling agent,

drying agent
Partial load range [%] 50-100 50-100
Number of reference plants High Low
Typical investment costs [€/(m* h™") biomethane]
For 100 m® h™" biomethane 10 100 9500
For 250 m® h™" biomethane 5500 5000
For 500 m®> h™" biomethane 3500 3500
Typical operational costs [ct m® h™" biomethane]
For 100 m® h™" biomethane 14.0 13.8
For 250 m® h™" biomethane 10.3 10.2
For 500 m*> h™" biomethane 9.1 9.0

This journal is © The Royal Society of Chemistry 2015

Medium 70-80 °C

Organic solvent
(non-hazardous)

High 120-160 °C — —
Yes Yes Yes
Amine solution Activated carbon
(hazardous, corrosive)  (non-hazardous)

50-100 85-115 50-105
Medium High Low

9500 10 400 7300-7600
5000 5400 4700-4900
3500 3700 3500-3700
14.4 12.8 10.8-15.8
12.0 10.1 7.7-11.6
11.2 9.2 6.5-10.1
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Table 5 A list of upgrading biogas plants with membrane-based technology®“*
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Country Location Operating since Product stream (m* h™")
The Netherlands Collendoorn 1990 25 (Today 375)
USA Los Angeles (CA) 1993 2600“
Canada Berthierville, (QC) 2003 NA
USA Pittsburgh - Monroeville (PA) 2004 5600
The Netherlands Beverwijk 2006 80

USA Raeger (PA) 2006 47214
USA Johnson city (TN) 2006 2361¢
Austria Bruck an der Leitha 2007 100
Austria Margarethen am Moos 2007 70

USA Kersey (PA) 2007 14 164°
USA Imperial (PA) 2007 7082
USA Cairnbrook (PA) 2007 47214
USA Davidsville (PA) 2007 2361°
USA Oklahoma city (OK) 2008 23614
US Church hill (TN) 2008 2361°
USA Winder (GA) 2008 70824
USA Atlanta (GA) 2009 8263
USA Seattle (WA) 2009 18 886°
Germany Kisslegg-Rahmhaus 2010 300
The Netherlands Witteveen 2010 200
USA Pittsburgh (PA) 2010 4721°
USA New Orleans (LA) 2010 10 623“
Austria Wiener Neustadt 2011 120
Austria Neunkirchen 2011 10

USA Athens (TN) 2011 35417
USA San Diego (CA) 2011 2361°
USA Fresno (CA) 2011 23614
Norway Lillehammer 2012 30

“ Raw gas flow rate.

5. Types of materials and
mechanisms of polymeric membrane
for gas separation

5.1 Membrane materials

Table 6 presents the most important materials used for gas
separation.”” Inorganic membranes are based on different
materials like metal (alumina, cobalt, copper, iron, nickel,
niobium, palladium, platinum, tantalum and vanadium),
zeolites, carbon, and ceramic, etc. Generally, these membranes
show higher gas separation performances combined with
substantial chemical and thermal stability. Nevertheless, these
materials have poor mechanical properties and are difficult to
process. This is why their fabrication is expensive.** Further-
more, they are easily cracked (fragile), therefore conversion into
high surface area modules is very difficult.*® Porous or dense
ceramic membranes can resist high temperatures due to their
chemical stability.** They can also offer good selectivity and
high permeability. At commercial scale, only palladium alloys
used for ultra-pure hydrogen generation are still used. From the
last decade, some inorganic membranes have been exploited
with excellent selectivity for specific gas separation and were
described in the scientific literature, with some applications
close to commercialization. Table 6 presents the main materials
for membrane gas separation.

24406 | RSC Adv., 2015, 5, 24399-24448

MOF (metal organic frameworks) are a newer class of crys-
talline and porous materials and are now used to overcome the
limitations of inorganic membranes. Today, several investiga-
tions of mixed matrix membranes (MMM) technology
combining the advantages of inorganic fillers with the accept-
able mechanical properties and cost-effective processability of
polymers were performed.***® Therefore, most of the
membrane materials used today for gas separation are organic
polymers. Many polymers can be easily processed into high
surface area modules membranes giving reasonable separation
property. The main polymers used are polycarbonate (PC),
cellulose acetate (CA), polyesters (PE), polysulfone (PSf), poly-
imide (PI), polyetherimide (PEI) and polypyrrolones. Cellulose
acetate, polysulfone and polyimide are used for industrial level

Table 6 Organic polymers and inorganic membrane materials*?

Organic polymers Inorganic materials

Polysulfone, polyethersulfone Carbon molecular sieves

Cellulose acetate Nanoporous carbon

Polyimide, polyetherimide Zeolites

Polycarbonate (brominated) Ultramicroporous amorphous silica
Polyphenylene oxide Palladium alloys
Polymethylpentene Mixed conducting perovskites
Polydimethylsiloxane Metal organic frameworks (MOFs)
Polyvinyltrimethylsilane

This journal is © The Royal Society of Chemistry 2015
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utilization. At the present time, companies producing these
membranes for industrial uses are: Air Products, Air Liquide,
Cynara, GKSS Licensees, MTR, PermSelect, Praxair, UBE and
UOP.*** Commercial membrane suppliers for CO, removal are
reported in Table 7.

Cellulose acetate (CA) is the first commercial membrane
material used to remove CO, and H,S.* These were then mainly
used for desalination with high surface area asymmetric
structure.”® CA membranes (spiral wound modular configura-
tion) displayed much lower selectivity for gas mixture than ideal
gas selectivity calculated for neat gas because of CO, or heavier
hydrocarbons plasticization.>*> Until 1983, polydimethylsiloxane
(PDMS), a silicone rubber, was regarded as an excellent candidate
because of higher gas permeability compared to other synthetic
polymers.>® Table 8 shows that the permeability of CO, and CH,
in PDMS is higher than others due to the presence of several
configuration and composition of the side chain and backbone.
Obviously, disadvantages of this type of materials are poor
mechanical properties and lower separation factor.>*

Later, scientist interests shifted from rubbery to glassy
polymers to improve permeation. For example, polysulfones
(PSF) have lower selectivity leading to polyethersulfones (PES)
investigations. PES selectivity (Pco,/Pcu,) Was slightly higher
(28) than PSF (26).® On the other hand, polycarbonates (PC)
which are another type of polyesters with reasonably low CO,
permeability, was combined with flexible soft polymers like
silicone rubber, to reach CO, permeability of 970 Barrer. Also,
poly(vinyl alcohol) (PVA) can be modified with methyl vinyl
sulfone (MVSF) or t-butyl vinyl sulfone (BVSF) to remove SO,
from air.** Commercial modules of PPO produced by Parker
Filtration and Separation B.V. (The Netherlands) have been
used for CO,/CH, separation.”” Table 9 shows the gas separation
properties of polymer membranes. PEI (polyetherimide,
Ultem®1000) displays low CO, permeability (1.4 Barrer) and
moderate selectivity for CO,/CH, (40).>® Among these polymers,
polyimides are believed to be excellent membrane materials.
Polyimides (PI) are particularly suited for the separation of CO,
from CH,. First, polyimides have excellent thermal, chemical,
and mechanical properties. They are also easily produced into
films. Second, polyimides exhibit better gas separation perfor-
mances than most commonly used glassy polymers like PSF and
PC. Third, they are relatively easy to prepare into a series of
different chemical structures, because a wide range of acid
dianhydrides and diamines is possible.

Polyimide membranes were applied in various gas separa-
tions and the first application was for separating helium in 1962

View Article Online
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Table 8 Pure gas permeabilities and ideal selectivities of silicone
polymers [feed pressure = 10 kg cm™2]%

Pure gas

permeability (P)

(Barrer)®

Selectivity

No Membrane type CO, CH, Pco /Pch,
1 Natural rubber 134 28.5 4.7
2 Poly(4-methyl-1-pentene) 83 13.2 6.3
3 PDMS (silicone rubber) 4553 1339 3.4

1 Barrer = 10 '° [em*(STP) cm cm™ > s~ ' ecmHg ']

Table 9 Permeability and selectivity of polymer membranes for gas
separation*?¢

Permeability at 30 °C (Barrer) Selectivity (—)

Polymer H, CH, CO, H,/CO, CO,/CH,
CA 2.63 0.21 6.3 0.41 30.0

EC 87 19 26.5 3.33 1.39
PC — 0.13 4.23 — 32.5
PDMS 550 800 2700 0.20 3.38

PI 28.1 0.25 10.7 2.63 42.8
PMP 125 14.9 84.6 1.49 5.75
PPO 113 11 75.8 1.49 6.89
PSf 14 0.25 5.6 2.5 22.4

1 Barrer = 10~ *° [em®*(STP) cm cm ™2 s™! emHg ']

by DuPont laboratories. In 1987, the first commercial applica-
tion of industrial polyimide (PI) membranes to purify hydrogen
(hollow fibers membranes) was performed in USA. PI hollow
fiber membranes were used to separate CO, from CH, and have
been installed in 1994. Polyimide membranes can be grouped
in two categories: 6FDA-based and non 6FDA-base polyimides.
The first series are composed of 6FDA-DAT, 6FDA-ODA, 6FDA-
BAPAF, 6FDA-DAP, 6FDA-DABA, 6FDA-TrMPD, 6FDA-DAM,
6FDA-mPD, 6FDA-4mPD, and their co-polyimide. The second
series are composed of Matrimid® 5218 (BTDA-DAPI), Kapton®
(PMDA-ODA) and P84 (BTDA-TDI/MDI) which are three
common commercial polyimides with their respective chemical
structures listed in Fig. 5.

From Table 10, all three commercial polyimide membranes
have smaller permeation and moderate selectivity for CO,/CH,
separation than 6FDA-based membranes (see Table 11 and 12).
Among these three materials, Matrimid has the largest

Table 7 Principal membrane suppliers for natural gas separation systems*48

Company Principal natural gas separation Membrane module type Membrane material

Medal (Air Liquide) CO, Hollow fiber Polyimide

W.R. Grace CO, Spiral-wound Cellulose acetate

Separex (UOP) CO, Spiral-wound Cellulose acetate

Cynara (Natco) CO, Hollow fiber Cellulose acetate

ABB/MTR CO,, N,, C;, hydrocarbons Spiral-wound Perfluoro polymers, silicon rubbers

Permea (Air Products) Water

This journal is © The Royal Society of Chemistry 2015
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Fig. 5 Chemical structure of commercial polyimides: (a) Matrimid® 5218, (b) Kapton®, and (c) p84. Chemical structure of commercial poly-

imides: (a) Matrimid® 5218, (b) Kapton®, and (c) p84.

permeability but lowest selectivity, whereas Kapton and P84
have very low permeabilities. Therefore, these three materials
do not have sufficient performances for gas separation. It is
thus necessary to develop other polyimides with better
properties.

6FDA-based polyimides have better gas separation perfor-
mance than others with higher permeabilities.®*~%” It was shown
that -C(CF;),- in dianhydride and diamine moieties can induce
high selectivity and permeability. Tables 11 and 12 show the
performance of 6FDA-based polyimide flat (Table 11) and
hollow fiber (Table 12) membranes.

From Tables 11 and 12, flat membranes of 6FDA-HAB ther-
mally treated at temperatures up to 450 °C show the best results
in terms of CO, permeability (600 Barrer) and CO,/CH, selec-
tivity (60). However, this thermal treatment was never used with
hollow fibres because high treatment temperature (450 °C)
makes the membrane very fragile. Hollow fibres of 6FDA-
3BDAF (Pco /dco,cn, 42.5/48), 6FDA-DAP (38.57/78.82) and
6FDA-DABA (26.3/46.96) have the best gas separation perfor-
mance for CO,/CH,.

The selection of polymer materials to make membrane for gas
separation applications depends on the polymer's chemical
resistance, as well as sorption capacity and mechanical resistance.

Other important requirements are: (a) intrinsic polymer permse-
lectivity, (b) swelling resistance to membrane plasticization, and
(c) film processability into asymmetric morphology.>

As reported in Table 13, Baker and Lokhandwala presented
typical membrane materials that can be used for impurities
separation from natural gas.*® The selectivities reported seem
lower than the values in the literature because the latters are
usually presented as the ratio of pure gas permeabilities, which
is ideal selectivity. Here, the reported selectivities are the
separation factors measured at high pressure, especially natural
gas containing plasticizing molecules like CO,, water, BTEX
aromatics (benzene, toluene, ethylbenzene, and xylene), and
other heavy hydrocarbons. So separation factors are usually
significantly lower than ideal selectivities. The selectivities
reported in Table 13 can be reasonable for commercial/
industrial membranes under “real” operations because they
were determined under real gas mixture conditions. These
typical membrane materials can also be used as good quality
membrane for biogas purification.

5.1.1 Conclusion. In order to upgrade biogas, membrane
material selection depends on biogas composition. A rubbery
polymer is suitable to separate H,S, while for C;, hydrocarbons,
silicone rubber may be used. But for water, both rubbery and

Table 10 Performance of Matrimid® Kapton®, and P84 commercial polyimide membrane for gas separation®

CO, permeability/

CH, permeability/

Polymer material ~ Configuration permeance permeance Selectivity =~ Operation conditions Ref.
Matrimid® Flat 6.5 Barrer 0.19 Barrer 34 Pure gas, 35 °C, 10 atm 59
Matrimid® Hollow fibre 14.7 GPU 0.24 GPU 59.6 Pure gas, 20 bar, 30 °C 60
Matrimid® Hollow fiber 11.2 GPU 0.26 GPU 47 15 bar, 20 °C, 20/80 CO,/CH, 61
Matrimid®/PES Dual layer hollow fiber 9.5 GPU 0.24 GPU 40 10 bar, 22 °C, 40/60 CO,/CH, 62
Matrimid®/p84 Hollow fiber 11 GPU 0.26 GPU 42 10 bar, 35 °C, 20/80 CO,/CH, 63
Kapton Flat 1.5 Barrer 0.03 Barrer 50.8 30 °C, 40 bar, 2-5/98-95 CO,/CH, 60
Kapton Flat 0.866 Barrer 0.026 Barrer 33.3 Pure gas, 35 °C, 10 bar 64
P84 Flat 1.2 Barrer 0.02 Barrer 50 Pure gas, 35 °C, 10 atm 59

?1 GPU = 10"° em*(STP) em > s™' cmHg ™.
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Table 11 CO,/CH,4 gas separation performance of 6FDA-based polyimide flat membranes®®
Permeability
Operating conditions (Barrer)
Selectivity
Sl. no. Membrane Temp. (°C) Pressure (bar) CO, CH, «(CO,/CH,)
1 6FDA-TAD PO 30 1 27.4 0.52 52.2
6FDA-TABP 63.6 1.37 46.2
2 6FDA-DAM DABA [2 : 1 membrane) 35 20 121 4.48 27
CHDM cross-linked 22 0.73 30
BG cross-linked 6FDA-DAM DABA (2 : 1 membrane) 46 1.35 34
3 6FDA-mPD 35 3.7 11.03 0.19 58
6FDA-mPDBA (9 : 1) 6.53 0.10 65.3
X-6FDA-mPD/DABA (9 : 1) 9.50 0.15 63.3
X-6FDA-DABA 10.40 0.12 87.0
4 6FDA-durene 35 10 455.8 28.4 16.05
5 6FDA-TAPA (amine terminated) 35 1 65 1.59 41
6FDA-TAPA (anhydride terminated) 6.7 0.11 61
DSDA-TAPA (amine terminated) 4.0 — —
DSDA-TAPA (anhydride terminated) 1.0 — —
6 6FDA-DATPA 30 10 23 0.68 34
7 6FDA-PFDAB 25 5 17.77 0.44 40.4
6FDA-m-PDA 9.73 0.21 46.3
ODPA-PFDAB 11.03 0.36 30.6
ODPA-m-PDA 0.301 0.0064 47
BTDA-PFDAB 10.10 0.29 34.8
BTDA-m-PDA 0.428 0.0086 49.8
8 6FDA-6PDA-ceramic composite before irradiation 35 3.5 47.27 3.65 12.94
6FDA-6FPDA-ceramic composite after irradiation 71.52 1.75 40.9
9 6FDA-1,5-NDA 35 10 22.6 0.46 49
10 6FDA-HAB RT 55 6 x 10° 10 60
11 6FDA-durene/mPDA cross-linked with DMEA (6 h) RT 1 49.1 1.63 30.1
12 6FDA-NDA 2 7 22.6 0.47 48.1
6FDA-NDA/durene (75 : 25) 70.0 1.65 42.4
6FDA-NDA/durene (50 : 50) 96.4 3.93 24.5
6FDA-NDA/durene (25 : 75) 274 12.9 21.2
6FDA-NDA/durene 423 28 15.1
13 6FDA-DDS 30 5 35 0.37 94.6
14 6FDA-TAB 30 10 54 0.9 60
6FDA-TAB/DAM(75 : 25) 73.7 1.67 44
6FDA-TAB/DAM(50 : 50) 155 7.38 21
6FDA-DAM 370 17.6 21
15 6FDA-terphenyl 31 2 21.48 0.747 28.76
6FDA-biphenyl 12.97 0.358 36.23
6FDA-phenyl 11.89 0.353 33.68
16 6FDA-zero generation amino terminated 30 10 0.5 0.4 25
PAMAM dendrimer (100 mm)
6FDA-first generation amino terminated 0.7 0.6 20
PAMAM dendrimer (100 mm)
6FDA-second generation amino terminated 0.9 0.8 18

PAMAM dendrimer (100 mm)

2

@1 Barrer = 10 '° em?(STP) cm cm ™2 s~ cmHg .

glassy polymers are good. For CO, separation, the best materials
are polyimides. Commercial polyimides (Matrimid®, Kapton®
and P84) are not very expensive, but have low permeabilities. On
the other hand, 6FDA-based polyimides are more expensive, but
show better performance in biogas upgrading.

5.2 Mechanisms of polymer membrane gas separations

Studies on the limitations of inorganic materials for polymeric
membranes used for biogas upgrading are based on the

This journal is © The Royal Society of Chemistry 2015

‘solution-diffusion’ theory.®**® Graham in 1866 (ref. 70) indi-
cated that gases were able to permeate through non-porous
rubber films because they can dissolve and diffuse in rubber
films. He concluded that microscopic interconnecting pores or
capillaries (open porosity) were not necessary for mass transfer
to occur in polymers, but permeation consists of two steps:
sorption and diffusion. Gas molecules are absorbed by the
rubber depending on some ‘chemical affinity’. These sorbed gas
molecules then can then diffuse.” Gas sorption in polymers can
be thermodynamically classified in two stages which are gas
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Table 12 CO,/CH4 gas separation performance of 6FDA-based polyimide hollow fiber membranes®**
Operating conditions Permeance (GPU)
- Selectivity
Sl no. Membrane Temp. (°C) Pressure (bar) CO, CH, «(CO,/CH,)
17 6FDA-BAPAF 30 21 24.6 1.10 22.78
6FDA-DAP 38.57 0.49 78.82
6FDA-DABA 26.30 0.56 46.96
18 6FDA-3BDAF 25 2 42.45 0.88 48
19 6FDA-TPDA 31 0.6 14.8 0.38 43
20 6FDA-DAFO 30 3.5 26.5 0.44 60
21 6FDA-APPS 35 2 36.7 0.94 39
22 6FDA-durene/1,3-phenylene diamine 19.5 14 53.3 1.24 42.9
(mPDA) copolyimide dense film coated
with silicone rubber
23 6FDA-DAT (3900 A) 20 7 300 4.60 65

%1 GPU = 10" °® cm?*(STP)/cm”® sec cmHg.

Table 13 Current commercial membrane materials and selectivities for separation of impurities from natural gas*®

Component to be Category of Typical selectivities
permeated preferred polymer material Typical polymer used over methane?(%)
CO, Glassy Cellulose acetate, polyimide, perfluoropolymer 10-20
H,S Rubbery Ether-amide block co-polymer 20-30
N, Glassy Perfluoropolymer 2-3
Rubbery Silicone rubber 0.3
Water Rubbery or glassy Several >200
Cj3, hydrocarbons Rubbery Silicone rubber 5-20

¢ Selectivities are typical of those measured with high-pressure natural gas.

condensation and mixing with the polymer. This indicates that
the solubility coefficient depends on gas condensability and
interactions between gas molecules and polymers. Generally,
diffusion coefficients in a polymer depend on the gas molecular
sizes.” Kinetic diameter (dy) is widely used as the penetrant size
for gas diffusion. For CH,, dy is 0.38 nm, while the kinetic
diameter of CO, is 0.33 nm, which are very close to each other.”

5.2.1 Permeability (P), diffusion coefficient (D), and solu-
bility coefficient (S). Von Wroblewski’® proposed eqn (1) for
pure gas which was based on steady-state empirical observa-
tions relating pressure and thickness for gas permeation rate:

v o(%) o

where N is the permeation flux, Ap is the pressure difference

across the membrane (p, — p; with p, > p;), and [ is membrane

thickness. The proportionality coefficient (P) is called the

permeability coefficient. It is assumed that a single gas goes

through a polymer membrane of constant thickness (I) placed
between two zones as shown in Fig. 6.

At steady state, the gas flux is calculated by Fick's first law:”*

N = %D (2)

where C, and C, are the downstream and upstream side gas

concentrations of the polymer membrane respectively, and D

24410 | RSC Adv., 2015, 5, 24399-24448

represents the average effective diffusion coefficient.
Combining eqn (1) and (2), the gas permeability coefficient is

given by:
P NI (Cz -C .) D (3)

~pP—pP _ \P_P

The gas equilibrium solubility coefficient is the ratio
between gas concentration (gas molecules dissolved in the
polymer at equilibrium) and the partial pressure of individual
gas in the gas phase:”*

S=<cC/p (4)
When eqn (4) is introduced into eqn (3) and (5) simplifies to:
P=DS (5)

It is clear the permeability coefficient (P) is determined by
two elements: (1) a thermodynamic part which is the solubility
coefficient (S) and determined by the number of gas molecules
absorbed into and onto the polymer, and (2) a kinetic or
mobility part which is the diffusion coefficient (D) determined
by the mobility of gas molecules as they diffuse through the
polymer. This means that permeability represents a pressure
and thickness normalized gas flux (eqn (1)). It also determines

This journal is © The Royal Society of Chemistry 2015
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Fig.6 Representation of gas or vapor transport through a non-porous
polymeric membrane.

the number of gas molecules dissolved and their flux through
the polymer.

The values of the parameters D, P, and S can be determined
by several method, which have been thoroughly reviewed.”>”® A
more accurate procedure relies on independent measurements

View Article Online
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of P (steady state permeation) and S (equilibrium sorption).”””°
In this case, D is calculated via the solution-diffusion model
of eqn (5) as the ratio between P and S. Another method to
determine D is the “time-lag” method and solubility S can
also be obtained from eqn (5). A widely used and accepted unit
for P is:

1 Barrer = 107!° em*(STP) cm em ™2 s} emHg ™.

Permeance is generally used to characterize asymmetric or
composite membranes, while permeability is typically used for
dense film. For industrial applications, a focus on permeance or
flux instead of permeability should be made since one could
make a very dense film and have high permeability, however
permeance could be very low. Permeance is defined through the
steady state permeation flux via the pressure difference across
the membrane as:

P N
==

Q A

(6)

S

1 GPU = 1 Barrer/1 micron = 107® cm*STP) cm ™2 s~! cmHg ™!

5.2.2 Selectivity a,p. Another important property of gas
separation membranes is selectivity. Ideal selectivity («ag) is
defined as:™

OAB — PA/PB [7)
where P, and Py are the permeability coefficient of gases A and

B, respectively. By default, the more permeable gas is taken as A,
so that a,g > 1.
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Fig. 7 Literature data for CO,/CH,4 ideal selectivity versus CO, permeability (1991).
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Fig. 8 Robeson upper bound correlation for CO,/CH4 separation
2008 (alpha CO,/CHy, is selectivity of CO,/CHy; tr, thermally rear-
ranged data reference).

When gas mixtures permeate across a membrane, the
separation factor (axp), which represents the ability of a
membrane to separate a binary gas mixture, is defined as:"*

aap = (Valye)(xa/xp) (8)

where y, and yg are the mole fractions in the permeate, while x,
and xg are the mole fractions in the feed. Eqn (8) may be further

rewritten as:
P2~ D (ii)
A
— < )

Gup = Xan
Pr— D (y—B)
XB

Thus, the separation factor not only depends on the gas-
polymer membrane system, but also on a driving force which
is the pressure difference (p, — p;) between upstream and
downstream, as well as feed composition (x,, xg) and
permeate gas (ya, yg)-** When p, is much higher than p,, eqn (9)
simplifies to:

a:B = QAB (10)

5.2.3 Conclusion. The process of permeation in a
membrane can be decomposed in two stages: sorption of gas
molecules in the polymer and then diffusion of these molecules
through the polymer film. Therefore, permeability P depends
upon two factors: the solubility (S) and diffusion (D) coeffi-
cients. Overall, gas separation selectivity depends upon the
combination of these two factors.
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6. Polymeric membranes

As mention above, polymers are dominating materials because
they are more easily processed into hollow fibers for commer-
cial gas separation (biogas upgrading). Nevertheless, polymer
membranes have two major problems: the permeability/
selectivity trade-off (Robeson plots), and the effect of plastici-
zation at high pressure or long time period (because of CO, or
C;' heavy hydrocarbons in biogas).

6.1 Robeson's upper bound

The first Robeson curve in 1991 was proposed for the CO,/CH,
separation factor (ideal selectivity of pure gases) versus CO,
permeability in glassy and rubber polymers at 10 atm.*
Generally, glassy polymers have higher selectivity and lower
permeability compared to rubbery polymers.

Then, Robeson established another CO,/CH, upper bound
relationship in 2008.*> The new data also included thermally
rearranged (TR) polymers that were synthesized from 6FDA and
bisAPAF via thermal imidization up to 300 °C and thermally
rearranged at 350, 400 and 450 °C.* The latter comprises
benzoxazole-phenylene or benzothiazole-phenylene groups on
the backbone and were found to show high CO,/CH, separation
abilities. These polymers are unique because they have free-
volume elements such as pores and channels influencing
molecular sieving as produced via thermal reactions leading to
insoluble and infusible polymers. Therefore, 6FDA-based PI-
membranes with hexafluoro substituted carbon -C(CF;), in
their backbone could improve performances and are widely
used for CO,/CH, separation.

From 1991 to 2008, it was clear that improvements in CO,/
CH, selective membranes occurred compared to the previous
few decades because these new modified membranes surpassed
the 1991 upper bound. Carbon molecular sieve (CMS)
membranes formed by the pyrolysis of polyimide precursors
can also perform beyond the 2008 limit.

6.2 Plasticization

Glassy polymer membranes have higher permselectivity, higher
chemical resistance, as well as good thermal stability and
mechanical strength compared to rubbery polymers, giving
them an edge over other polymers.** On the other hand, glassy
polymers suffer from plasticization effects at high pressure or
long period of biogas upgrading. Plasticization is defined as the
increase of polymer chains motion due to the presence of one or
several molecules (CO, or C;* heavy hydrocarbons). As a result,
the permeability of each component increases while selectivity
decreases.® In CO,/CH, membrane separation, CO, sorption in
glassy polymers can improve local molecular organization
leading to decreased permselectivity. Plasticization of PI
membranes may have three negative effects on gas separation.
First, as observed in previous studies,*® most of the glassy
polymer membranes display a decreased permeability with
increasing pressure. Permeability increases rapidly if the pres-
sure is higher than the plasticization pressure. Second, the
separation factor decreases sharply with increasing feed
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pressure in CO,/CH, separation.® The highly sorbed molecules
(carbon dioxide or heavy hydrocarbons) because free volume
increase and methane can start permeate. Hence, the polymer
chains are “solved” by penetrant molecules leading to matrix
swelling, as well as increasing free volume and segmental
mobility of the polymer matrix. Third, the permeability of a gas
pair is not constant for a plasticized glassy polymer; ie. it
increases slowly and continuously with time above the plasti-
cization pressure.

In the work of Donohue et al.,” the ideal selectivity of CO,
over CH, was around 3-5 times the separation factor of the
mixed gases for cellulose acetate membranes at CO, concen-
trations higher than 50% in feed gas and feed pressure up to 54
bar. This causes swelling and plasticization since CO, is more
soluble in CA than CH,. However, Schell et al®* used CA
membranes to remove both CO, and H,S and were able to attain
the US pipeline specifications in terms of sour gas concentra-
tions. In another example, Sridhar et al.*®® used different PI
membranes (Matrimid, P84 and Kapton) to separate CO,/CH,
and varied the CO, feed content between 0 and 20 mol%. The
results showed different CO, and CH, permeabilities and
selectivities for pure gas and mix gases. Matrimid membranes
gas separation factor was 76% lower than their ideal selectivity,
as well as 40% lower than the other two PI membranes. This was
caused by coupling effects between CO, and CH, and plastici-
zation effect at higher CO, concentration in the feed, both
leading to selectivity loss.

6.3 Co-polyimide

Co-polyimides used as membrane materials, are expected to go
beyond the Robson upper bound curve and were studied in
recent years. 6FDA-based polyimides are the main polymers
with examples such as 6FDA-TMPDA/DAT®> 6FDA-TMPDA/
MOCA” and 6FDA-TeMPD/ODA.®” These copolyimides were
synthesized systematically with different diamine ratio (1/0,
0.75/0.25, 0.5/0.5, 0.25/0.75, and 0/1). The results showed that
these 6FDA-based co-polyimide have lower pure gas perme-
ability for CO, and CH,, but ideal selectivity increased with
DAT, MOCA or ODA content. Furthermore, 6FDA-ODA with
nine different diamines: DBSA, DABA, DAPy, DANT, DDS, MDA,
BADS, BABP and DABN copolymers were produced by one-step
polymerization. Diamine monomers, having different reactiv-
ities with respect to polycondensation, will produce a wide
range of molecular weight and CO, permeability varied with
diamine content.”*** 6FDA-DDS/6FAP copolymers were tested
with different diamine ratios (1/0, 0.75/0.25, 0.67/0.33, 0.5/0.5,

Table 14 Methods to suppress plasticization for Pl membranes
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0.33/0.67, 0.25/0.75, and 0/1). Their pure gas CO, permeability
increased and the CO,/CH, ideal selectivity decreased with
increasing 6FAP content.’® Pebax® is a commercial polyether-
polyamide copolymer and Lillepdrg® used Pebax® MH1657
blended with poly(ethylene glycol) (PEG) of low molecular
weight for gas separation. The best results for CO, permeability
was from 79 to 378 Barrer, and ideal selectivity from 16.8 to 14.3.
Until now, no significant improvements in gas separation
properties have been shown for co-polymerization modified
membranes.

6.4 Suppression of plasticization for polymeric membranes

Numerous researchers investigated ways to suppress plastici-
zation and develop different polymer membrane gas transport
properties, including novel polymer synthesis, blending poly-
mers, thermal treatment,’®'*> UV cross-linking, and chemical
cross-linking.***** These methods are summarized in Table 14
and presented below.

Commercial polyimide Matrimid® 5218 membranes were
thermally annealed at 350 °C for 15-30 min and shown a great
decrease of CO, plasticization for pure gas and mixed gas
permeation tests.'” Suppression of CO, plasticization by the
formation of a semi-interpenetrating polymer network (s-ipn)
was investigated by the same authors.'” The mixture of
Matrimid® 218 and Thermid FA-700 (oligomer) was made at
three different ratios (70/30, 80/20, 90/10) with thermal treat-
ment and at different curing times (15, 30, 60, 120 min). The
results show that suppression of CO,-induced plasticization can
be up to 40 atm. Blending polymers such as Matrimid® 5218
with polysulfone (PSf) (50 : 50 w/w), and Matrimid with P84
(60 : 40) showed that resistance to plasticization was improved
from 18 atm for neat Matrimid up to 25 atm for PI blends at
55/45 mol% mixture of CO,/CH, and 35 °C.***

It is difficult to use thermal treatments for commercial
membrane manufacturing processes because they need more
energy to produce. Currently, chemical cross-linking to
suppress plasticization is a simple method without heating and
is believed to be more efficient.'**'**"*> 6FDA-durene poly-
imides (PI) and Matrimid were selected to study the effect of
chemical cross-linking in solution.”® EDA, PDA, BuDA and
CHBA were chosen as chemical cross-linking agents. Other
cross-linking agents are p-xylenediamine,'**'*” diol reagents
(ethylene  glycol),'*®  1,4-butylene  glycol,"  1,4-cyclo-
hexanedimethanol,"* 1,4-benzenedimethanol,"** and 1,3-pro-
panediol."> APTMDS, a diamino organosilicone, as well as a
chemical cross-linking agent was used to prepare membranes

Reference Material Structures Methods of suppression Years
Bos et al.'* Matrimid 5218 Dense flat sheet Thermal treatment 1998
Bos et al.'® Matrimid 5218 Dense, flat sheet ~ Semi-interpenetrating 1999
Staudt-Bickel and Koros"%’ 6FDA-based polyimides Dense, flat sheet Chemical crosslinking 2001
Bos et al.'* Matrimid 5218 Dense, flat sheet ~ Matrimid blend with polysulfone and copolyimide P84 2001
Wind''** 6FDA-based polyimides  Dense, flat sheet ~ Covalent and ionic crosslinking 2002
Chen et al.'* 6FDA-based polyimides Dense, flat sheet Chemical crosslinking 2012
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for CO,/CH, separation. The results showed that plasticization
can almost be totally eliminated by immersion in aqueous
methanol or via methanol addition during synthesis.'** Also,
the modified membranes were shown to sustain pressures as
high as 40 atm. Among all the methods available to suppress
plasticization, chemical cross-linking is easier, more efficient,
and also more fitted for industrial application.

7. Mixed matrix membranes
7.1 Inorganic membranes

Inorganic membranes are generally made using metals,
ceramics, zeolites or carbon molecular sieves (CMS)."** These
membrane have excellent thermal and chemical stabilities.
Some of these inorganic membranes show much higher gas
fluxes and selectivity compared with polymer membranes. For
example, zeolites and carbon molecular sieve membranes have
much higher diffusivity and selectivity than polymer
membranes. Precise size and shape discrimination led to the
narrow pore size distribution leading to excellent selectivity.'**
For example, zeolite T (ERI-OFF) (0.41 nm pore size) which have
small-pore, as well as zeolite of DDR (0.36 nm x 0.44 nm), and
SAPO-34 (0.38 nm) which have small-pore very similar in size to
CH, (0.38 nm), but larger than CO, (0.33 nm). Those
membranes displayed high CO,/CH, selectivity due to a
molecular sieve effect. In the case of T-type membranes (ERI-
OFF), Cui et al.** reported a separation factor « = 400 with a
CO, permeance of P = 4.6 x 10 *mol m 2 s~ ' Pa~" (138 GPU)
at 35 °C. Tomita et al.'* reported a CO,/CH, separation factor of
o = 220 with a CO, permeance of P=7 x 10" ®*molm >s ' pa™"
(210 GPU) at 28 °C on a DDR membrane.

Saracco and Speccia summarized the advantages and
disadvantages of inorganic membranes."” As shown in
Table 15, inorganic membranes have some advantages such as
long-term high temperatures stability and solvents resistance at
high pressure. But they also have some disadvantages such as
extremely high cost, brittleness, as well as lack of continuous
fabrication technology to produce defect-free membranes.
Other disadvantages are low surface area per unit volume and
difficulty to be transformed into module with large surface area
for industrial application.

7.2 Mixed matrix membranes

Mixed matrix membranes (MMM) consist of an organic polymer
combined with an inorganic (or sometimes organic) particles.
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The dispersed phase may be zeolites, carbon molecular sieves
(CMS), carbon nanotubes (CNT) or other nano-size particles."*®
Recently, MMM were prepared using metal-organic frameworks
(MOF) with polymers matrices for CO,/CH, gas separation.'*’
Therefore, MMM are desirable and present potential for high
selectivity, high permeability or bo