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Preface

With the development of industrialization and urbanization, a large number of
wastewater and waste gases are discharged into natural environment. Various
pollutants from these wastes cause serious environmental issues. In order to protect
the environment, it is necessary to purify and treat wastewater and waste gases with a
highly efficient environmental technology. Membrane technology is a high-
efficiency and precision separation method. Membrane filtration has the advantages
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of high-efficiency separation, simple equipment, energy-saving, normal temperature
operation, and without secondary pollution. Membrane filtration has been widely
used for wastewater and waste gases treatment. This book provides a comprehensive
overview of membrane technologies applied for wastewater and waste gas treat-
ments and of energy issues of the processes. Novel knowledge on membrane
fabrication and usage in energy, chemical, and environmental engineering is
presented. Mechanisms and applications in a variety of processes to solve the
environmental issues are explained.

The Etang de Berre, near Marseille, France, is a nice-looking lake though
polluted by increasing urbanization and decades of industrial development. Picture
taken at the Marettes Beach, Vitrolles. Copyright: Eric Lichtfouse 2018

In Chap. 1, Boucif et al. introduce the state-of-the-art and recent developments of
the carbonic anhydrase-driven processes for CO2 capture. They also discuss the
current and prospective research and engineering achievements on enhanced enzy-
matic carbon capture. In Chap. 2, Sarfraz reviews the latest advances in the field of
carbon capture from flue gas using polymer-based mixed-matrix membranes,
containing various microporous metal organic frameworks and other nanomaterials,
to signify their prospective applications on an industrial scale. CO2 capture and
separation by mixed-matrix membranes as compared to other existing approaches
has been found to be better in terms of sustainability, economics, environment, and
operation. Baena-Moreno et al. present the status of biogas upgrading by using
membrane technologies in Chap. 3. In addition, gas permeation phenomena, mem-
brane materials, membrane modules, different types of process configuration, and
commercial biogas plants based on membrane technologies are deeply discussed.
These three chapters demonstrate the feasibility of membranes applied for gas
removal and separation.

In Chap. 4, Li et al. review the progress in the fabrication and synthesis mech-
anisms of the carbon-based membrane materials, characterization methods, and
practical applications in water treatment. In Chap. 5 by Wei et al., the mechanisms,
efficiency, and influencing factors of pharmaceuticals and personal care products
removal in water treatments by ultrafiltration membranes, reverse osmosis mem-
branes, and nanofiltration membranes are introduced. In Chap. 6, Xie and
co-workers present an overview of the different dynamic filtration modules used
for wastewater treatment. It indicates dynamic shear-enhanced membrane system
shows more desirable filtration efficiency than conventional membrane process.
Furthermore, Zhong et al. present the membrane fabrication methods for unconven-
tional desalination by membrane distillation and pervaporation in Chap. 7. More-
over, in Chap. 8, Agboola et al. discuss the role and characterizations of nano-based
membranes for environmental applications, including gas separation, air and solid
pollution control, and desalination.

In terms of membrane applications in energy areas, Chang et al. introduce the
membrane applied in the processes of liquid and gaseous biofuels production, and
microbial fuel cells, and also present the membrane biofouling issues and the anti-
biofouling approaches in Chap. 9. In Chap. 10, Hafeez et al. discuss the membrane
reactors applications in the renewable fuel production and the main advantages of

vi Preface



different methods for hydrogen production. Additionally, in Chap. 11, Saidi et al.
also review the hydrogen production from wastes by using membrane reactor. In the
last chapter (Chap. 12), the recent developments of hydrogen production from
residual biomass and wastes using the Pd membranes are reviewed by Maroño and
Alique.

We first highly acknowledge the Springer Nature team from the acceptance of the
proposal to the production of the book. We extend our sincere thanks to all the
authors and reviewers who have put considerable efforts into their contributions and
consistent cooperation during the manuscript writing and revision process. We hope
this book will be an excellent resource to all researchers, students, professors, and
scientists working on membrane and related fields.

Columbus, OH, USA Zhien Zhang
Macau, China Wenxiang Zhang
Marseille, France Eric Lichtfouse
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Abstract To match simultaneously the climate change mitigation with the increas-
ing global demand for energy is a tremendous paradox for this century. To satisfy
both criteria, carbon capture seems to be a mandatory technology for the develop-
ment of sustainable energy infrastructures. Post-combustion capture is a mature and
proven technology, but not economically attractive unless novel solvents and opti-
mized processes are implemented. The use of carbonic anhydrase, inspired by the
CO2 metabolic process in cells, a natural fast biocatalyst, is a promising technique
which can dramatically improve the implementation and economics of carbon
capture under stringent environment demands. In this tutorial review, the authors
address the state of the art of the carbonic anhydrase-driven processes for carbon
capture, recent developments, current and prospective research and engineering
achievements.

Keywords Carbon capture · Enzyme · Carbonic anhydrase · Enzyme
immobilization

1.1 Introduction

Global warming, resulting from the continuously increasing Earth’s temperature, has
become a major focus of the environmental agenda worldwide. The tremendous rise
in greenhouse gases is thought to be one of the most contributing factors to global
warming. Six gases have been identified and reported as major contributors to the
global warming, i.e., carbon dioxide (CO2), methane (CH4), nitrous oxide (N2O),
hydrofluorocarbons (HFC), perfluorocarbons (PFC), and sulfur hexafluoride (SF6),
among which, CO2 plays a key role in global warming. Carbon dioxide can be
emitted from various sources including the burning of coal and fossil fuels (Figueroa
et al. 2008).

According to the IPCC (2017), there are four main anthropogenic greenhouse
gases, namely, methane (CH4), fluorinated gases, nitrous oxides (NOx), and carbon
dioxide (CO2). In 2004, 1.1% of the total anthropogenic greenhouse gas emissions
were attributable to fluorinated gases, 7.9% to nitrous oxides, 14.3% to methane, and
76.7% to CO2 (IPCC 2017). It is well noted that CO2 is by far the greenhouse gas of
anthropogenic origin whose emissions are the most abundant. Coal, oil, and natural
gas-fired power plants which release over nine billion metric tons every year
worldwide of carbon dioxide are the overwhelming anthropogenic sources of CO2

emission. The forecasted consumption of coal and fossil fuels is estimated by the US
Department of Energy (DOE) to increase by 27% over the next 20 years, and the
overall CO2 emissions from India and China in 2030 from coal use will be around
three times that of the Unites States (1371 million tons of CO2 for India, 3226
million tons for the United States, and 8286 million tons for China) (DOE 2016).

2 N. Boucif et al.



Henceforth, it is mandatory at present to address the effect of global environmen-
tal changes due to increasing emission of CO2. Many approaches have been
suggested such as switching from fossil fuel to alternate renewable energy sources
such as nuclear, solar, or wind energy (Sims et al. 2003).

Most of the political and apolitical organizations worldwide are urging the use of
alternate energy sources with less or no greenhouse gas emissions. However,
considering the increasing energy demand, the complete substitution of fossil fuels
by clean energies is extremely difficult. Furthermore, steadying the atmospheric
concentration of CO2 is equally important and requires developing new technologies
or improving existing ones to alleviate this issue through various mechanisms and
protocols.

The CO2 capture and sequestration has several features. A potential solution to
stabilize and ultimately reduce the release of CO2 into the atmosphere is the
implementation of carbon capture and sequestration (CCS) technology which is a
combinatorial implementation of CO2 separation from industrial and energy-related
sources, transport to a storage location, and long-term isolation from the atmosphere.
This technology, which is one of the upcoming fields of interests, requires a
thoughtful strategy development to mitigate the impact of CO2 as greenhouse gas
on environment (Wang et al. 2011). There are three methods for capturing CO2 from
industrial emissions (natural gas combustion fumes, coal, and fuel oil),
pre-combustion, oxy-fuel capture, and post-combustion (Abu-Khader 2006), as
detailed in Fig. 1.1.

• In the pre-combustion processes, the primary fossil fuel is gasified in a first
reactor by injection of steam and air to produce a mixture of carbon monoxide
and hydrogen. Subsequently, the mixture is introduced into a second reactor
where steam is added. A mixture of mainly CO2 and hydrogen is obtained from

Fig. 1.1 Carbon dioxide capture systems
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the reaction between steam and carbon monoxide. This mixture can be separated
into a stream of CO2 and a stream of hydrogen. The hydrogen flux separated from
the mixture can be used as a “green” carbon-free fuel, and the CO2 can be stored
or used for many industrial purposes (Blomen et al. 2009).

• The oxycombustion process is characterized by the use of pure oxygen instead of
air as oxidizer in the combustion of the primary fossil fuel, producing a gas
mixture solely composed of water vapor and CO2. Following oxycombustion, the
gas flow is cooled down and compressed to separate the water and making it
possible to recover a gas flow with a very high CO2 content (more than 80 vol. %)
(Blomen et al. 2009).

• Whereas, the post-combustion processes involve separation of dilute CO2 from
flue gas after fuel combustion where air is used, which results in a CO2 low
concentration flue gas. The post-combustion is the most promising technology
among the three strategies of CO2 capture, since it can be integrated to new power
plants and applied to existing power plants. Besides, it has a relatively lower cost
and provides flexibility to the power plant (Leung et al. 2014).

Various techniques have been developed to achieve CO2 capture, the majority of
which are, however, too expensive and of limited efficiency. At present, one of the
most viable technology options uses amine solvents to remove CO2 from flue gases.
Therefore, some biological methodologies, also called “bio-mimetic” CO2 capture
systems, are being implemented as more economic and more sustainable technolo-
gies. These methods are based on the use of enzymes involved in the CO2 biological
processes, occurring naturally in living organisms such as the respiratory system in
mammalian cells or photosynthetic systems in plant cells. The carbonic anhydrases
(specifically the EC 4.2.1.1) catalyze the reversible hydration of the CO2 molecule
and could be efficiently used in these processes (Di Fiore et al. 2015). On the basis of
CO2-catalyzing enzymes, the “bio-mimic” CO2 capture systems can show high
performance and efficiency in CO2 capture and release comparable to
biomechanisms (Di Fiore et al. 2015). The last decade has seen the emergence of
one of the most innovative technologies in the field of CO2 capture, namely, the use
of carbonic anhydrase, an enzyme that catalyzes the CO2 hydration reaction very
efficiently (kh � 10�6 s�1) (Whitford 2005).

Although the number of new research articles published has recently increased
significantly, only few papers, to our knowledge, have specifically reviewed the use
of enzymes in this field such as Pierre (2012), Yadav and coworkers (Yadav et al.
2014), Shekh and coworkers (Shekh et al. 2012), and Long and their respective
coworkers (Long et al. 2017).

This paper aims to provide a state-of-the-art evaluation of the research programs
carried out so far in the carbonic anhydrase accelerated carbon dioxide capture. This
paper will introduce the beginners to this technology with a summary of literatures.
For experienced scientists, this paper will review the available achievements and
predict the progress of future research directions. In addition to previous publications
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on carbon dioxide capture (Figueroa et al. 2008) and enzyme accelerated CO2

capture (Pierre 2012; Shi et al. 2015), this paper will:

(a) Elaborate historical and recent discoveries of carbonic anhydrase and its usage
for carbon capture

(b) Draw the reader’s attention on enzyme kinetic mechanisms for carbon dioxide
capture

(c) Discuss thoroughly the carbonic anhydrase uses in free and immobilized forms
(d) Provide an update of major research activities worldwide and important pilot

plant studies

In Sect. 1.2, the major carbon capture techniques are thoroughly reviewed. Then,
Sect. 1.3 overviews the enzymatic carbon capture with an emphasis on the enzyme
immobilization. Section 1.4 is a detailed survey of the kinetics and catalytic mech-
anisms of carbon dioxide capture promoted by carbonic anhydrase. In Sect. 1.5,
most recent achievements on enhanced enzymatic carbon capture are overviewed.
Then, major research programs worldwide and experimental studies based on pilot
plants are reviewed in Sect. 1.6. Conclusions are drawn at the end of the article.

1.2 Carbon Dioxide Capture Processes

Various methods are available for carbon capture from product gas streams. Some of
the more commonly used methods include absorption (physical and chemical),
membrane contacting, adsorption, and cryogenic separation. Conventional processes
with some emerging technologies involving a combination of products and/or
processes are briefly reviewed in this section.

1.2.1 Physical Absorption

The physical absorption of CO2 into a solvent involves Henry’s law where atoms or
molecules transfer from a gas phase into a liquid phase. The solubility of the solute is
sensitive to the partial pressure of the gas to be removed. The solvent regeneration is
achieved mainly by desorption, i.e., by pressure reduction (flashing), some addi-
tional heating and sometimes both. However, physical solvents can usually be
stripped of impurities by reducing the pressure without any heat addition. The
main energy requirements originate from the flue gas pressurization because the
physical absorption takes place at high CO2 partial pressures (IEA 2004). In addi-
tion, physical solvents can usually be stripped of impurities by reducing the pressure
without any heat addition. Furthermore, heat requirements are usually much less for
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physical solvents than for chemical ones such as amines since the heat of desorption
of the acid gas for the physical solvent is only a fraction of that for the chemical ones
(Dindore et al. 2004a).

In physical absorption, CO2 is transferred from gas to liquid phase without
chemical reaction with the absorbent. This process is suitable for bulk removal of
CO2 from gas streams having a high CO2 partial pressure. Furthermore, this tech-
nique is easy to design, not very toxic with a low solvent loss but has limited CO2

selectivity. It is not, therefore, suitable for the treatment of power plant flue gases
with low CO2 partial pressure (Olajire 2010).

The physical absorption is therefore not economical for flue gas streams with CO2

partial pressures lower than 15 vol. % (Chakravati et al. 2001). Henceforth, physical
solvents tend to be favored over chemical solvents when the concentration of acid
gases or other impurities is very high. Typical physical absorption solvents used in
industry are propylene carbonate (Fluor), n-methyl-2-pyrrolidone (Purisol), metha-
nol (Rectisol and Ifpexol), and dimethyl ethers of polyethylene glycol (Selexol),
some of which are becoming increasingly efficient (Green et al. 2004).

1.2.2 Chemical Absorption

Chemical absorption is dictated by the chemical reaction of CO2 with a solvent to
form a weakly bonded intermediate compound which may be regenerated with heat
addition producing the original solvent and a CO2 stream. The form of this separa-
tion displays a relatively high selectivity and can produce a relatively pure CO2

stream. These features make chemical absorption well suited for CO2 capture for
industrial flue gas treatment (Dindore et al. 2004a). The acidic nature of dissolved
CO2 in water dictates the types of physical and chemical solvents that would
potentially be successful for efficient CO2 absorption. Applicable chemical solvents
include amine solvents and solutions, which result in CO2 absorption by zwitterion
formation and easy deprotonation by a weak base (Boucif et al. 2012). There are
many possible solvents and solvent mixtures under investigation for CO2 absorption,
including amines, sterically hindered amines, carbonate solvents, as well as ionic
liquids (Vaidya and Kenig 2007).

However, the disadvantage of this technology is the high energy penalty associ-
ated with solvent regeneration in the stripping column. Around 80–90% (depending
on the process conditions and the solvent) of the total process energy is needed for
the solvent regeneration in the desorber, making this the most important chapter in
the operational costs (Svendsen et al. 2011; Notz et al. 2011).

Energy is needed to heat up the solution in the desorber to generate stripping
steam and reverse the CO2 reactions (Notz et al. 2011). To optimize the process
costs, an obvious approach would be to select a solvent with higher reaction kinetics
and lower heat of desorption. Unfortunately, the heat of desorption and the kinetics
are interrelated (Svendsen et al. 2011). Solvents with substantially less energy needs
(tertiary amine or carbonate salt solutions) require absorber tower heights of several
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hundred meters for the same separation task. On the other hand, solvents with high
reaction rates (primary or secondary amines) need more energy in the desorber
reversing the reactions (Penders-van Elk et al. 2013).

1.2.3 Membrane Gas Permeation

In the membrane-based CO2 capture, gases dissolve and diffuse into polymeric thin
film materials (membranes) which provide a selectivity to separate mixtures with
respect to relative rates at which constituent species permeate (Powell and Qiao
2006) (Fig. 1.2). The permeation rates would differ based on the relative sizes of the
molecules or diffusion coefficients in the membrane material. The driving force for
the permeation is the difference in partial pressure of the components at either side of
the membrane, and the acid gas is recovered at low pressure (Baker 2004; Boucif
et al. 1986). The terms permeability and selectivity are used to describe the perfor-
mance of a gas separation membrane.

The gas permeation rate is controlled by the solubility coefficient and diffusion
coefficient of the gas membrane system. Polysulfone, polyimide, or
polydimethylsiloxane are the most common membrane materials used in carbon
capture in various geometries such as plane, spiral-wound, or hollow fibers (Henis
and Tripodi 1980). In the mid-1980, Monsanto (Prism), Cynara (Natco), Separex
(UOP), and Grace Membrane Systems started selling membranes made from cellu-
lose acetate to remove CO2 from CH4 in natural gas (Ho and Sirkar 1992). For post-
combustion carbon capture, block copolymers (such as polyetherblockamides,
PEBA) have shown excellent trade-off performances for the CO2/N2 gas pair, with
a CO2/N2 selectivity around 50 and permeability up to 2000 GPU.

Membrane separations are particularly appealing for carbon capture due to their
lower energy consumption, good selectivity, easily engineered modules, and conse-
quently lower costs. The main disadvantage of membrane separation is that multiple
steps are required to reach high purity. A maximum of three stages is usually
reported for industrial applications, due to the increasing cost of compressors for
multistage systems. For instance, multistage separation is employed to capture a
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Fig. 1.2 CO2 capture by membrane gas permeation
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higher proportion of CO2 incurring extra capital and operating cost (Chakravati et al.
2001). However, if the gas is available at a high pressure, physical solvents might be
a better choice than chemical solvents. Membrane gas separation technique is
generally considered as suitable for high CO2 concentration applications (well
above 20 vol. %) such as flue gas streams from oxy-fuel (Favre 2007).

Furthermore, membranes have been extensively used in many industrial separa-
tion processes in recent years. The polymeric membranes usually dominate in most
industrial applications. The inorganic membranes are progressing faster in the
development of new application fields such as membrane reactors and fuel cells.
These membrane separation processes are overwhelming the classical processes
(Xu et al. 2001).

Based on their structure, the inorganic membranes can be classified into two
categories: porous and dense. In the first category, a porous thin top layer is casted on
a porous ceramic or metallic support which provides mechanical strength but
reduces mass transfer resistance. Alumina, carbon, glass, zeolite, and zirconia
membranes are mainly used as porous inorganic membranes supported on different
substrates, such as α-alumina, γ-alumina, zirconia, zeolite, or porous stainless steel.
This modification changes the mean pore size and promotes an eventual specific
interaction between the membrane surface and the permeating molecules enhancing
the separation and improving the performance. Gas separation by means of porous
inorganic membranes is achieved by four main transport mechanisms, i.e., Knudsen
diffusion, surface diffusion, capillary condensation, and molecular sieving (Luebke
et al. 2006).

The second category consists of a metallic thin layer such as palladium and its
alloys or solid electrolytes such as zirconia. These dense membranes are highly
selective for hydrogen or oxygen permeation in which gas transport occurs though a
solution–diffusion mechanism. However, the low permeability across the dense
inorganic membranes limits their wide applications as compared to porous inorganic
membranes (Powell and Qiao 2006).

1.2.4 Membrane Gas–Liquid Absorption

The membrane gas–liquid CO2 absorption technology act as contacting devices
between the gas stream and the liquid solvent where the membrane, as a barrier,
may or may not provide additional selectivity. In the gas–liquid membrane contactor
concept, flue gas is passed through the lumen of a bundle of membrane fibers, while
an absorbent solution is flowed through the shell side of the contactor (Fig. 1.3). CO2

diffuses through the membrane and is absorbed in the absorbent solution, while the
impurities are blocked from contact to amine, thus decreasing the loss of amine as a
result of stable salt formation. It is also possible to achieve a higher loading
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differential between rich amine and lean amine. After leaving the membrane bundle,
the amine is regenerated before being recycled (Darde et al. 2010).

Several absorbents such as pure water, aqueous alkaline solutions, amines, and
amino acids have been theoretically and experimentally studied for CO2 absorption
in gas–liquid contacting processes. An ideal absorbent for CO2 absorption should
have the following properties (Dindore et al. 2004b):

• Higher surface tension to prevent membrane wetting leading to a high break-
through pressure, thereby reducing the membrane susceptibility to membrane
wetting

• Chemical compatibility with the membrane (to not damage the membrane)
• Low viscosity to avoid high mass transfer resistance and pressure drop

Unfortunately, the absorbent satisfying all those criteria has not been found yet.
This chemical scrubbing process uses as liquid solvent various aqueous solutions

of different alkylamines to remove CO2. The most popular alkanolamines used in
industry are monoethanolamine (MEA), diethanolamine (DEA), and
methyldiethanolamine (MDEA) and some sterrically hindered amines such as
2-amino-2-méthylpropanol (AMP) or a blend of some of them. In addition, ammonia
has been identified as a possible alternative to the MEA solvent as it is relatively
cheap and commercially available (Davison 2007; Darde et al. 2010).

This process offers some advantages over the conventional contacting devices
such as packed towers for their high compactness and their low susceptibility to
flooding, entrainment, channeling, or foaming. This process requires, however, that
the pressures on the liquid and gas chambers are equal to allow and promote CO2

transport across the membrane, and consequently, their separation efficiency

Fig. 1.3 Membrane gas–liquid CO2 absorption contactor
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depends on the CO2 partial pressure. However, although the amines react with CO2

rapidly, selectively, and reversibly, and are relatively nonvolatile and inexpensive,
they are corrosive and require more expensive construction materials.

1.2.5 Adsorption

The adsorption carbon capture technology involves the contacting of a CO2-
containing phase with a solid adsorbent to which CO2 (and potentially other
components of the gas phase) is adhered, either via physical adsorption
(physisorption) or chemical adsorption (chemisorption). The physisorption tech-
nique involves sorption through weak molecular interactions, namely, van der
Waals forces. On the other hand, the chemisorption technique involves chemical
bond formation between the adsorbate (molecule being adsorbed) and adsorbent
(solid to which the molecules adsorb), causing it to be energetically favorable to
bond to the surface of the adsorbate (Seader and Henley 2006).

The adsorption processes involve the use of “swings” in which the system cycles
between states of high amount adsorbed (adsorption) and low amount adsorbed
(desorption) to selectively separate components in a fluid stream (typically gas),
where certain components of the stream preferentially adsorb over others. The
adsorption processes can be categorized as pressure swing adsorption (PSA), vac-
uum swing adsorption (VSA), temperature swing adsorption (TSA), and electrical
swing (ESA) (Seader and Henley 2006).

The adsorbing materials generally used are different types of activated carbon,
alumina, molecular sieves, metallic oxides, or zeolites, depending on the gas molec-
ular characteristics and affinity of the adsorbing material (Zhao et al. 2007). These
adsorbing materials can preferably adsorb CO2 from flue gas. The higher the
pressure, the more gas is adsorbed and the gas is freed and desorbed while reducing
the pressure.

When the adsorbed bed is close to saturation, the regeneration reaction takes
place by reducing pressure, thereby freeing the adsorbed gases. It is then ready to
cycle again. The advantages of PSA are the direct gas delivery at high pressure
(no need of compression), and their disadvantages are high investment and operation
costs with extensive process control. The process of VSA is a special case of PSA
where the pressure is reduced to near-vacuum condition.

In the case of TSA, adsorbent regeneration is achieved by an increase in temper-
ature as increasing temperature at constant partial pressure decreases the amount
adsorbed in the gas phase (or concentration in the liquid phase) (Mason et al. 2011).
A very important characteristic of TSA is that it is used exclusively for treating low
adsorbate concentration feeds. TSA disadvantages are low energy efficiency and
thermal ageing of the adsorbent. In ESA swing, a voltage is applied to heat the
adsorbent and release the adsorbed gas. This technique is not very common in
industrial practice (Emamipour et al. 2007).
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1.2.6 Cryogenic Carbon Capture

The cryogenic CO2 capture (referred to as CCC) is a physical process that operates at
sufficiently low temperatures and moderately high pressures to separate CO2 and
other components according to their different boiling temperatures. This technique
produces direct liquefied CO2 or CO2 vapor at high pressure saving the additional
cost of compression for storage. This method is suitable only for concentrated CO2

stream. For dilute stream, this technique is not economically sound and energetically
viable (Maqsood et al. 2014a, b).

The technique of this process is based on the principle that different gases liquefy
under different temperature and pressure conditions. It is a distillation process
operated under very low temperatures (close to �170 �C) and high pressure (around
80 bars). The process consists of cooling and compressing the flue gas in order to
liquefy CO2, which is then easily separated from the flue gas. It allows direct
production of liquid CO2 at a low pressure, so that the liquid CO2 can be stored or
sequestered via liquid pumping instead of compression of gaseous CO2 to a very
high pressure, thereby saving on compression energy (Pierce et al. 1995).

This physical process is suitable for treating flue gas streams with high CO2

concentrations considering the costs of refrigeration. This is typically used for CO2

capture for oxy-fuel process where CO2 can potentially be recovered at 99% purity.
However, this type of process requires the use of a large amount of equipments and
instruments such as turbines, compressors, distillation columns, and heat exchangers
(Fig. 1.4).

For this, the investment capital and operating costs are extremely high (Wellinger
and Lindberg 2000). Cryogenic fractionation has the advantage that the CO2 can be
obtained at relatively high pressure as opposed to the other methods of recovering

Fig. 1.4 Simple schematic diagram of the cryogenic carbon capture (CCC) process
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CO2. This advantage may, however, be offset by the large refrigeration requirement
(Hart and Gnanendran 2009).

1.2.7 Metal–Organic Frameworks

The metal–organic frameworks (MOF) are hybrid organic/inorganic structures
containing metal ions geometrically coordinated and bridged with organic ligands
which hold great potential as adsorbents or membrane materials in gas separation.
This arrangement increases surface area for adsorption, enabling them to be used as
sorbents or as nanoporous membranes (Furukawa et al. 2015).

The metal–organic framework materials are nanoporous crystals that combine
metal–organic complexes with organic linkers to create highly porous frameworks to
offer various important advantages for membrane separations such as high surface
area, better porosity, low density, and both thermal and mechanical stabilities
(Furukawa et al. 2013).

A major breakthrough in the chemistry of CO2 capture came with the develop-
ment of reticular chemistry (Fig. 1.5) (Li et al. 2011). The motivation on developing
MOFs for CO2 capture has focused on reversible adsorption, a process that signif-
icantly lowers the need for energy input during regeneration and overcomes a key

Fig. 1.5 Some structural design features of effective metal–organic framework (MOF) adsorbents
for selective CO2 capture. (a) Coordinatively unsaturated metal sites; (b) covalently linked polar
functionalities; (c) heteroatomic amines; (d) alkylamines, either primary, secondary, or tertiary; (e)
specific nonmetallic interactions within the backbone (or pores) of a MOF structure; (f) hydropho-
bicity and/or pore metrics for selectively capturing CO2 in the presence of water (Trickett et al.
2017)
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challenge of using traditional sorbents such as alkanolamine solutions. Conse-
quently, the MOFs structures have since been systematically developed, fine-
tuned, and studied in detail. The MOF features are (1) the presence of accessible
unsaturated metal sites in the pores; (2) the integration of heteroatoms within, as well
as covalently linked functionality to, the backbone; (3) the specific interactions of
MOF building units; (4) the hydrophobicity of the pores; and (5) a hybrid of these
structural features (Trickett et al. 2017).

The MOFs possess enormous potential due to the numerous possible structures
that can be developed using various combinations of metal ions and organic ligands
which can be tailor-made to suit a particular application such as CO2 capture. MOFs
containing zinc and magnesium ions provide higher CO2 adsorption and are hence
being thoroughly investigated (Trickett et al. 2017). The other advantage is the lower
energy regeneration required compared to conventional sorbents and solvents. The
study of metal–organic frameworks is still in its infancy, with investigations being
made primarily on a laboratory scale.

1.3 Enzymatic Carbon Capture Overview

This chapter gives a definition of an enzyme and provides a general overview of the
principles of enzyme reactions and describes in detail the mechanism for carbonic
anhydrase. It also gives an up-to-date literature review on comparable mass transfer
experiments for enzyme-enhanced CO2 capture in lab and in pilot scale.

1.3.1 Historical Background

The existence of enzymes has been known for well over two centuries. In early
nineteenth century, Persoz with Payen isolated in a malt extract a substance that
catalyzes the transformation of starch into glucose (Payen and Persoz 1833). The
scientists called this substance diastase, from the Greek to separate, due to its ability
to separate the constitutive blocks of starch into individual units of glucose. This
enzyme is also called g-amylase. This is the first time an enzyme is isolated, a
compound that has the properties of an organic catalyst. The suffix ase of diastase
has been since then used to name enzymes. However, the first enzyme in pure form
was obtained in 1926 by James Sumner who isolated and crystallized the enzyme
urease from the jack bean. Thereafter, Northrop and Stanley discovered a complex
procedure to isolate pepsin by a precipitation technique and crystallized several
enzymes (Roberts et al. 1997).

These enzymes are bulky proteins made of amino acid polymers linked by
peptide bonds. They catalyze biochemical reactions occurring in living organisms.
Like any other catalyst, they do not modify the thermodynamic equilibria, but allow
them to be reached more rapidly. The catalytic properties of enzymes are related to
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the existence in their structure of an active site, which can be schematically described
as having the shape of a cavity adapted specifically to the substrates to be
transformed, to which they are fixed by weak chemical bonds, but able to eliminate
the random aspect of the contacts prevailing during collisions in homogeneous
medium. This active site is in fact subdivided into two parts:

• The binding site (fixation or recognition) consisting of amino acids, characterized
by a complementarity of shape of the cavity with a specific substrate to be
transformed

• The catalytic site which realizes the transformation of the substrate into a product

1.3.2 Enzymes Classification

The International Enzyme Commission, created at the Third International Biochem-
istry Congress held in 1955 in Brussels, in agreement with the International Union of
Pure and Applied Chemistry (IUPAC), decided to divide the enzymes into six
classes according to the chemical reaction they catalyzed, a classification kept up
to date by the Nomenclatures Committee of the International Union of Biochemistry
and Molecular Biology (Webb 1992). Hence, there are six classes called “EC n,” for
“Enzyme Commission number,” where n stands for a number from 1 to
6 designating:

• EC 1: Oxidoreductases that catalyze oxidation–reduction reactions in which
oxygen or hydrogen is gained or lost.

• EC 2: Transferases that transfer a functional group of the amino, acetyl, or
phosphate type from one molecule to another.

• EC 3: Hydrolases which catalyze the hydrolysis (decomposition by water) of
various bonds.

• EC 4: Lyases that catalyze the formation of a C–C, C–O, C–S, or P–O bond by
processes other than hydrolysis or oxidation.

• EC 5: Isomerases that catalyze isomerization in a single molecule or allow
intramolecular rearrangements.

• EC 6: Ligases that catalyze C–C, C–S, C–O, and C–N bonds in condensation
reactions coupled with the use of adenosine triphosphate (¼ ATP).

Enzymes can be denatured and precipitated with salts, solvents, and other
reagents. They have molecular weights ranging from 10,000 to 2,000,000.

1.3.3 Enzyme Catalytic Properties

Many catalysts such as arsenite, formaldehyde, hypochlorite, and sulfide have been
used to catalyze the CO2 absorption into various aqueous solutions (Sharma and
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Danckwerts 1963; Pohorecki 1968; Augugliaro and Rizzuti 1987). These catalysts
can accelerate the CO2–H2O hydration reaction by 2–4 orders of magnitude. How-
ever, the most effective CO2 hydration catalyst known to date is the CA family of
enzymes. It has been reported that the turnover number of the CA enzyme could
reach more than one million per second (Davy 2009).

Enzymes are biological catalysts that reduce the activation energy of chemical
and biochemical reactions. Their function is dependent on the amino acid sequence
and their three-dimensional structure forming an active site with a catalytic activity
into which a certain reactant (substrate S) can bind (Grunwald 2011).

There are interactions between the enzyme (E) and its substrate (S), and usually,
van der Waals forces and hydrogen bonding take place to form an enzyme–substrate
(ES) complex. The enzyme being a much larger molecule, the substrate fits into an
active site of the enzyme molecule. Figure 1.6 shows the simplest lock-and-key
interaction model where the enzyme represents the lock and the substrate the key
(Whitford 2005).

In enzyme catalytic process, the enzyme and its substrate build reversible
enzyme–substrate (ES) complex first, and then a chemical reaction occurs with a
rate constant kcat called turnover number. The kcat expresses the maximum number
of substrate molecules converted into product molecules per active site of enzyme
per unit time (Whitford 2005). The reaction rate is expressed by the Michaelis–
Menten expression as:

R ¼ kcat E½ � S½ �
KM þ S½ � ð1:1Þ

A typical enzymatic reaction curve is shown in Fig. 1.7. The reaction curve can be
represented by a Michaelis–Menten equation, Eq. (2.10).

The effect of higher product concentration on the enzyme reaction rate is often
regarded as product inhibition, but it is basically a reversible reaction between

Fig. 1.6 Schematic reversible enzyme reaction key–lock mechanism
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substrate S and product P where both steps are considered reversible and following
the Michaelis–Menten kinetics. The decrease in reaction rate with higher product
concentration can be explained as the substrate and product are competing for
binding onto the enzymes active site and the enzyme becomes more occupied by
the product when its concentration increases and therefore less substrate can bind.

1.3.4 Enzyme Immobilization

The enzymes provide high potentialities in a wide range of applications due to their
high selectivity, specificity, and activity under mild conditions. These industrial
biocatalysts offer tremendous advantages with regard to their short processing
time, low energy need, cost-effectiveness, and nontoxicity. Singh and coworkers
(Singh et al. 2016) reviewed in detail the current industrial enzyme application, in
food, organic synthesis, pharmaceutical and diagnostics, textile, as well as waste
treatments.

Nevertheless, the use of enzymes in the industrial applications could be limited by
their high cost, their isolation and purification, the instability of their structures once
they are isolated from their natural environment, and their sensitivity both to process
conditions, resulting in a short processing lifetime. The retention of enzymes by
immobilization may be a valid method to overcome these shortcomings (Krajewska
2004; Rodrigues et al. 2013; Dos Santos et al. 2015).

Various immobilization techniques (Fig. 1.8) are available providing a wide
flexibility for the solid biocatalyst preparation with regard to the enzyme applica-
tions and reactor configurations. These techniques are divided, in general, in three
main categories based on the nature of the interaction between the enzyme and other
reagents/phases involved in the process (Moehlenbrock and Minteers 2011; Sirisha
et al. 2016).

Fig. 1.7 Michaelis–Menten
enzymatic reaction curve
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1.3.5 Physical Adsorption

This technique is characterized by the physical interactions between proteins and the
surface of solid carriers by means of van der Waals forces, hydrogen bridge bonds,
and electrostatic interactions (Moehlenbrock and Minteers 2011). The physical
adsorption enzyme immobilization is quite simple and may have a higher commer-
cial potential, a lower cost, and a higher retaining enzyme activity as well as a
relatively chemical-free enzyme binding (Huang and Cheng 2008).

However, in general, the physical bonding is too weak to keep the enzyme fixed
to the carrier and subject to enzyme leaching (Kumakura and Kaetsu 2003), resulting
in a considerable contamination of the substrate.

1.3.6 Enzyme Entrapment

The enzyme entrapment is an irreversible enzyme immobilization technique where
enzymes are entrapped in a support or inside fibers, either in polymer membranes or
in the lattice structures of a material that filtrate the substrate and products from the
enzyme (Chiang et al. 2004). The entrapment consists of a physical restriction of the
enzyme within a confined network space. Mechanical stability, enzyme leaching,
and chemical interaction with polymer are typically improved by the enzyme
entrapment immobilization technique (Won et al. 2005). This method modifies the
encapsulating material providing therefore an optimal microenvironment for the

Fig. 1.8 The most common enzyme immobilization techniques: (a) physical adsorption, (b)
entrapment, and (c) covalent attachment and cross-linking. (Spahn and Minteer 2008)
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enzyme, i.e., matching the enzyme physicochemical environment with the
immobilizing material. The ideal microenvironment could be optimal pH, polarity,
or amphilicity which may be achieved with a variety of materials including poly-
mers, sol–gels, polymer/sol–gel composites, and other inorganic materials
(Mohamad et al. 2015).

1.3.7 Covalent Bonding and Cross-Linking

The covalent bonding enzyme immobilization technique is one of the most promi-
nent methods. The formation of covalent bonding is required, for more stable
attachment, and these are generally formed through reaction with functional groups
present in the protein surface (Guisan 2006). The functional groups’ contribution to
the enzyme binding involves side chains of lysine (e-amino group), cysteine (thiol
group), and aspartic and glutamic acids (carboxylic group) (Guisan 2006). The
activity of the covalent bonded enzyme depends on the coupling method, the carrier
material composition, as well as its size and shape and specific conditions during
coupling (Mohamad et al. 2015).

The cross-linking enzyme immobilization technique, also called carrier-free
immobilization, is another irreversible method which does not require a support to
prevent enzyme loss into the substrate solution (Mohamad et al. 2015). In this
method, the enzyme acts as its own carrier, and virtually pure enzyme is obtained
eliminating, therefore, the drawbacks associated with carriers (Sheldon 2011). The
use of carrier leads ineluctably to an activity depletion due to the introduction of a
large portion of non-catalytic aggregates, the percentage of which may reach and
even exceed 90%, resulting in low space–time efficiencies with a considerable cost
(Sheldon 2011). The production of cross-linked enzyme aggregates (CLEA) consists
of the formation of enzyme aggregates made of insoluble supramolecular structures
and the cross-linking with a bifunctional agent to stabilize the aggregates in the
aqueous medium (Barbosa et al. 2014).

1.3.8 Enzyme Immobilization Overview

The quality of the solid biocatalyst depends on the selection of the immobilization
technique. In many cases, immobilizing enzymes may cause alter their activity. It
provides, however, a great stability improvement under the various process condi-
tions (Rodrigues et al. 2013). Criteria for selecting solid supports include the
mechanical properties. The ideal supports for biocatalyst utilization in (a) internal
mechanical stirring reactors are flexible polymers such as agarose, cellulose, etc.,
and (b) fixed bed reactors are rigid structures such as inorganic supports like porous
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glass, silicates, etc. Besides, the immobilized enzyme entrapment in polymeric
matrices may offer a good mechanical resistance (Bentagor et al. 2005).

Several techniques and materials have been used for the CA immobilization, and
only the relevant ones are summarized in this review with their relative success in
terms of activity, stability, and reusability.

Oviya and Yadav and coworkers obtained good results using chitosan-based
nanoparticles or hydrogels (Yadav et al. 2011; Oviya et al. 2012). Both chitosan
and alginate are biocompatible and were used in many enzymatic applications
(Machida-Sano et al. 2012; Zhai et al. 2013). Sharma and collaborators have purified
and immobilized live P. fragi cells to chitosan and were able to observe CaCO3

precipitation, a measure of catalyzed conversion of CO2 to bicarbonate (Sharma
et al. 2011).

Vinoba and coworkers (Vinoba et al. 2013) immobilized bovine carbonic
anhydrase (BCA) covalently onto functionalized Fe3O4/SiO2 nanoparticles by
using glutaraldehyde as a spacer. They observed that, after 30 cycles, the Fe–CA
displayed strong activity, and the CO2 capture efficiency was 26-fold higher than
that of the free enzyme. They have shown that the magnetic nanobiocatalyst is an
excellent reusable catalyst for the sequestration of CO2. Vinoba and his group
synthesized a biocatalyst by immobilizing human carbonic anhydrase onto gold
nanoparticles assembled over amine/thiol-functionalized mesoporous SBA-15.
They demonstrate that these nanobiocatalysts are highly efficient potential for
industrial-scale CO2 sequestration (Vinoba et al. 2011).

A group of researchers studied other methods to attach the enzyme, including
covalent attachment, enzyme adsorption, and cross-linked enzyme aggregation. In
general, the enzyme activity was similar to that of the free enzyme, but displayed
additional desirable features such as stability, reusability, and storage endurance
(Vinoba et al. 2012). Wanjari et al. used mesoporous aluminosilicate as a support for
CA immobilization due to its large surface area and pore size. Interestingly, the KM

for the immobilized enzyme was higher compared to the free form, indicating
decreased affinity of the enzyme for the substrate due to suboptimal substrate/
product exchange (Wanjari et al. 2012).

The enzymes trapping in porous materials are also possible. The original irre-
versible enzyme entrapment protocol in polyurethane foam was introduced in the
1980s by Wood and his group (Wood et al. 1982). Bovine carbonic anhydrase was
immobilized by covalent attachment within a polyurethane (PU) foam matrix
(Ozdemir 2009). This process is relatively fast, and a high percentage of active
enzymes are covalently obtained in the final PU. In contrast to other materials, after
seven cycles, there was no detectable enzyme leaching or a reduction in CA activity.
And, after 45 days of storage of the CA-PU foam at room temperatures, it was still
100% active, while the free enzyme was completely inactive after the same period at
4 �C (Ozdemir 2009).

Many groups have attempted to immobilize CA between thin liquid membranes
for CO2 extraction from flue gas. The process comprises a thin liquid containing CA
layer sandwiched between two membranes made of some polypropylene derivative
strengthened to prevent curving of the pliable membrane. Kimmel and his group
studied the covalent immobilization of carbonic anhydrase on the surface of
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polypropylene hollow fiber membranes using glutaraldehyde-activated chitosan
tethering to amplify the density of reactive amine functional groups (Kimmel et al.
2013). Hou and his group developed a novel “Janus” (hydrophilic–
superhydrophobic) biocatalytic gas–liquid membrane contactor for CO2 capture.
The carbonic anhydrase (CA) was immobilized on the hydrophilic carbon nanotube
(CNT) side, while the superhydrophobic porous side was located in the gas phase,
resulting in a permanent hydration of the immobilized CA and a reduction of the
CO2 diffusion in the solvent. The authors confirmed that catalytic efficiency with
immobilized CA has significantly improved compared with the equal amount of free
CA, and effective enzyme coating regeneration lasted over five cycles.

1.4 Kinetics and Catalytic Mechanisms of Enzymatic
Carbon Dioxide Capture

In 1933, the carbonic anhydrase was independently discovered by Meldrum and
Roughton (Meldrum and Roughton 1933). CA was first characterized while
searching a catalytic factor necessary for fast transportation of HCO�

3 from the
erythrocyte to pulmonary capillary. Meldrum and Roughton purified the erythrocyte
carbonic anhydrase, and Keilin and Martin (Keilin and Mann 1939) presented the
role for Zn in catalysis by finding the fact that activity was directly proportional to
the Zn content; hence, carbonic anhydrase was the first Zn metalloenzyme identified.
CA regulates important biological processes within humans and other living organ-
isms such as the acid–base balance within the blood, the photosynthesis mechanism
in plants, and the carbon concentration mechanism in microorganisms (Bhattacharya
et al. 2004).

1.4.1 Classes of Carbonic Anhydrase Enzymes

The carbonic anhydrase, an ancient enzyme widespread among the entire prokary-
otic and eukaryotic domain, has been known to catalyze the reversible hydration of
carbon dioxide as follows:

CO2 þ H2O Ð HCO�
3 þ Hþ� � ð1:2Þ

The CA can be produced via fermentation, and it may be disposed of with
minimum detrimental impact on the environment. CAs are typically classified into
five different classes defined by the Enzyme Commission as EC 4.2.1.1, namely,
αCAs (predominant within animals), βCAs (predominant within plants), γCAs
(predominant within Archaea) (Aggarwal et al. 2013; Rowlett 2010), as well as
δCA and ζCA found in diatoms and in other marine phytoplankton (Boone et al.
2013). CA’s are expressed in numerous plant tissues and in different cellular
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locations, the most prevalent of which are those in the chloroplast, cytosol, and
mitochondria. This diversity in location is paralleled in the many physiological and
biochemical roles that CAs play in plants (DiMario et al. 2017).

The most commonly investigated class of CA is the α form which is generally
found in mammals. Figure 1.9 illustrates the structure of α, β, and γCA. In αCA, the
enzymatic activity is derived from a Znþ2 ion that is coordinated to three histidine
residues near the center of the molecule in a cone-shaped cavity.

The catalytically active alpha carbonic anhydrases are similar in structure with
their conserved motifs of the active site cavity. To date, the crystallographic structure
of human CA-I, CA-II, CA-III, CA-IV, CA-VI, CA-VII, CA-VIII, CA-IX, CA-XII,
CA-XIII, and CA-XIV has been determined and is available in the protein data bank
(www.PDB.org). All the αCA have similar tertiary structure and centrally bind a
divalent metal ion, most often a zinc (Znþ2 ), held as a prosthetic group (Aspatwar
et al. 2018).

1.4.2 Carbonic Anhydrase Mechanism

The metal ion Zn atom in all αCAs is essential to catalysis. The structure-based
mechanism of human carbonic anhydrase hCAII has been exemplified and detailed
(Berg et al. 2010).

The catalytic mechanism of hCA II consists of five distinct steps as reported by
many authors (Supuran 2016; Gladis et al. 2017) and detailed in Fig. 1.10.

Fig. 1.9 Representative structures of α, β, and γ carbonic anhydrase (CA) enzymes with their
respective metal active sites. (Aspatwar et al. 2018)
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The first step in this mechanism is the binding of a CO2 molecule to the enzyme.
The water molecule linked to the amino acid is replaced by a CO2 molecule which is
linked to the enzyme by a hydrogen bond. The formation of a bicarbonate molecule
forms in the second step occurring by a nucleophilic attack of the hydroxyl ion
bound to the zinc ion on the CO2 molecule. The bicarbonate molecule is linked
through three bonds, two hydrogen bonds and one ionic bond. In the third step, the
bicarbonate molecule is released with the partial regeneration of the active site
leaving space for a water molecule. In the fourth step, depicted as isomerization or
intramolecular proton transfer step, where the proton is first transferred to an amino
acid side chain called a proton channel (PC), the enzyme is activated with binding a
hydroxyl ion to the zinc ion.

But after the product is released, a water molecule is bound to the zinc ion with a
proton expulsion as a result. The fifth and final stage of the mechanism is the
intermolecular transfer where a molecule of unprotonated cationic buffer recovers
the proton bound to the residue. The cycle is then completed, a bicarbonate molecule
is produced, a buffer molecule is protonated, and the enzyme regenerated to its active
state. It has been demonstrated that the enzyme recycling is the rate-reaction
controlling step in this cycle.

The simplest processmay be schematically represented by the following reactions:
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Fig. 1.10 The overall
catalytic mechanism of
carbonic anhydrases (Gladis
et al. 2017). PC stands for
proton channel
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CAþ CO2 þ H2O

k1
Ð
k�1

CA ∙CO2

kcat

Ð
k�2

CAþ HCO�
3 þ Hþ ð1:3Þ

As a potential model, the linear approximation of the Michaelis-Menten kinetics
equation (Eq. 1.4) is a satisfactory tool:

R CA ¼ kcat
KM

CA½ � CO2½ � � CO2½ �eq
n o

ð1:4Þ

where KM refers to the Michaelis constant of the reaction and kcat is defined as the
turnover number and ranges between 104 and 106 molecules of CO2 per molecule of
CA per second depending on the strain of CA that is being used (Tripp et al. 2001;
Shekh et al. 2012). The [CO2] term represents the quantity of CO2 that is being
converted into HCO�

3 , and the [CO2]eq term represents the concentration of HCO�
3

that is being converted back into CO2.
Table 1.1 summarizes typical kinetic parameters of the many carbonic anhydrase

isozymes with various substrates.

1.4.3 Catalytic Models of the CO2 Conversion Activity

Nevertheless, further studies demonstrated that the CO2 hydration kinetics may be
substantially modified by the nature of a buffer mixed in the enzymatic solution,
whereas the Michaelis-Menten rate equation model implies that this proton exchange
is not rate limiting. Therefore, several models were developed to specifically correct
this omission.

Steiner and coworkers (Steiner et al. 1975) proposed a model in a classical
Michaelis-Menten reversible kinetics with two reagents, i.e., the substrate [CO2]
and the product HCO�

3

� �
. As for the enzyme, it comes in two forms: the active form

[E] and the form of a transient complex [ES]. Several steps of the reaction mecha-
nism are omitted in this model; only two steps are represented, including the bonding
of CO2 and the release of bicarbonate HCO�

3

� �
.

Table 1.1 CA isozymes kinetic constants with CO2

Carbonic anhydrase Substrate

Kinetic constants

ReferencesKM [mM] kcat=KM Msð Þ2 1
h i

Carbonic anhydrase CO2 12.0 8.3 107 Whitford (2005)

Human CA I CO2 4.0 5.0 107 Supuran (2008)

Human CA II CO2 9.3 1.5 108

Human CA III CO2 52 2.5 105

Human CA III CO2 – 3.0 105 Duda et al. (2005)

Bovine CA CO2 0.65 36.31 Mirjafari et al. (2007)
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Jonsson and collaborators (Jonsson et al. 1976) improved the model by adding an
isomerization step (intramolecular proton transfer) to improve the Michaelis–
Menten kinetics proposed. The model still includes only two reagents, but the
enzyme comes in three different forms: the active form [E], a transient complex
form, [ES] and a form in which a water molecule is bound to the zinc ion [Ew].

Rowlett and Silverman suggested a model (Rowlett and Silverman 1982) where
the enzyme is found in three forms: the active form [E], the form of a transient
complex, [ES] and the form where the residue is protonated [HE]. This model is
divided into three stages, namely, CO2 binding, bicarbonate release, and
intermolecular proton transfer. It is identified by the Ter Bi Ping Pong kinetics
where the term Ter means that the model includes three substrates, namely, CO2,
water, and buffer in basic form. The term Bi means that the model includes two
products, bicarbonate and buffer, in the form of conjugated acid.

Larachi (2010) presented four models to correct the discrepancies observed in the
previous models. The model has three substrates, CO2, water, and buffer, in basic
form, as well as two products, including bicarbonate and buffer, in the form of
conjugated acid. In this model, the enzyme is present in three forms: the active form
[E], the form where a water molecule is bound to the zinc ion [Ew], and the form
where the residue is protonated [HE]. This model does not include a transient
complex [#ES]. The steps included in this model are CO2 binding and product
release, intramolecular proton transfer (isomerization), and intermolecular proton
transfer. The novelty of this model comes from the fact that it includes inter- and
intramolecular transfer. Model (a) is represented by ordered Ter Bi Iso Ping Pong
kinetics. Model (b) is represented as a random Quad Quad Iso Ping Pong kinetic.
Model (c) is an ordered Ter Bi Iso Ping Pong kinetics. This model is similar to model
(a) except that it includes a transient complex. Model (d) is represented by random
Quad Quad Iso Ping Pong kinetics. This model is very similar to model (b) except
that it includes a transient complex:

E½ � þ S½ �
k1
Ð
k�1

ES½ � ð1:5Þ

ES½ � þ W½ �
k2

Ð
k�2

Ew½ � þ P½ � ð1:6Þ
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Ew½ �
k2
Ð
k�2

HE
� � ð1:7Þ

B½ � þ HE
� � k4

Ð
k�4

BHþ½ � þ E½ � and P½ � þ HE
� � k5

Ð
k�5

W½ � þ S½ � þ W½ � ð1:8Þ

The reaction rate defined by the production of bicarbonate [P] is expressed
according to the following differential equation:

d P½ �
dt

¼ k1 W½ � ES½ � � k�2 P½ � Ew½ � þ k�5 W½ � S½ � E½ � � k5 P½ � HE
� � ð1:9Þ

Using the method of King and Altman (1956), the reaction rate is written in the
following form:

d P½ �
E0½ �dt ¼

S½ � B½ � � Ka2
Ka1

P½ � BHþ½ �
� �

Ka1k3
KEk1

k4
KE
Ka1

k1 þ k5 1þ k�1
k2 W½ �

� �� �
þ k4k5 P½ �

� �
k3
k1

KE

Ka1
k1 þ k5 1þ k�1

k2 W½ �
� �� �

2
Ka1

KE
S½ � þ P½ �

� �
þ k3
k1

k4 1þ k�1

k2 W½ �
� �

B½ � þ 2
Ka2

KE
BHþ½ �

� �

þk4 1þ k3
k2 W½ �

� �
S½ � B½ � þ 2k5 þ k3k1

k1k�1

KE

Ka1
k1 þ k5 1þ k�1

k2 W½ �
� �� �� �

S½ � P½ �

þk4
KE

Ka1
B½ � þ Ka2

Ka1

k3
k�1

þ 1

� �
BHþ½ �

� �
P½ � þ KE

Ka1
k5 P½ �2 þ KEk1

Ka1k�1
k5 S½ � P½ �2 þ KEk1

Ka1k�1
k4 S½ � B½ � P½ �

These models being very complex and lengthy to develop herein, the interested
readers are advised to refer to Larachi’s paper (Larachi 2010). Figure 1.11 represents
the five sets of data compared to model (d). This model represents fairly well the
transition between regimes where the intramolecular transfer is the stage controlling
the rate of reaction and a regime where the intermolecular transfer controls the
reaction rate (Larachi 2010).

1.4.4 The Carbonic Anhydrase Biomimetic CO2 Capture

The process design of the biomimetic CO2 capture depends closely on the selection
of the enzyme forms able to handle the severe operational conditions, such as high
temperature, high salt concentration, and elevated alkalinity which may affect the
enzyme performance. In general, the absorption processes are run at temperatures
ranging between 40 and 60 �C, while the desorption temperature is around 100 �C,
although it can be lowered when running the unit under vacuum (about 0.3 bar)
(Russo et al. 2013). Furthermore, the enzyme performance could be seriously
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damaged by some pollutant present in the flue gases, such as Cl, Hg, NOx, SO2, and
fly ashes. The enzyme characterizations under typical process conditions are
expressed in terms of kinetic assessment and long-term stability. The CO2 loading
capacity is increased by adding solvents, usually inorganic carbonate salts or amines.

Bicarbonate

Bicarbonates are regarded as solvents with the highest potential for use with CA:
they do not degrade, are less corrosive, and require low regeneration energy.
Besides, CA has high stability in bicarbonate with stable activity for long period
of time (Ye and Lu 2014).

Lu and coworkers studied the CO2 absorption in a stirred cell reactor using a
characterized CA form of microbial origin. Tests were run using pure CO2 as gas
phase and 20%wt K2CO3 aqueous solutions as liquid phase, at 25, 40, and 50 �C and
at CA concentration of 300 mg/l . Results showed that the CA enhanced the CO2

absorption rate of about 10, 5, and 4 times with respect to tests run without promoter
at 25, 40, and 50 �C, respectively.

Zhang and Lu characterized an engineered CA form provided by Novozymes.
They run CO2 batch absorption tests into K2CO3 20% in lean solvent conditions
(20% CTB conversion) and rich conditions (55% CTB conversion) at 50 �C. They
evaluated kcat/KM as 9.0 108 M�1s�1, without any CTB conversion influence. They
further developed a theoretical model to simulate the CA performance in a packed-
bed column at the scheduled conditions including the measured kinetic parameters.
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Hu and coworkers (Hu et al. 2017) characterized a CA form of microbial origin
using of a wetted wall column absorption via the stop flow technique. They used
K2CO3 30% aqueous solutions as liquid phase at 50 �C and different carbonate to
bicarbonate (CTB) conversions (0–20%). The CA Michaelis–Menten catalysis
parameter kcat/KM was determined to be around 5.3 108 M�1s�1 and showed a slight
decrease with the CTB conversion. The decrease may be due to the CA catalysis of
the backward reaction of CO2 hydration that occurs at high bicarbonate concentra-
tion and that influences the apparent reaction rate. The CA retained more than 70%
of its initial activity after incubation into K2CO3 30% at 50 �C for 8 h.

Gladis and coworkers (Gladis et al. 2017) characterized a recombinant CA form
provided by Novozymes through absorption tests run in a wetted wall column. They
compared the activity of four different solvents: the primary amine (MEA), the
sterically hindered primary amine (AMP), the tertiary amine (MDEA), and the
carbonate salt solution K2CO3 with and without enzyme in concentrations ranging
from 5 to 50 wt% and temperatures from 298 to 328 K. The results revealed that the
addition of carbonic anhydrase (CA) dramatically increases the liquid side mass
transfer coefficient for MDEA and K2CO3, AMP has a moderate increase, whereas
MEA was unchanged. The results confirmed that only the bicarbonate forming
systems benefit from CA, showing that the enzyme activity was particularly
influenced by the temperature, reaching in all the cases a kcat/KM of about 5 � 103
m3/kg. s at low solvent concentrations (5–15 wt%). On the other hand, at 20% wt
K2CO3, a considerable increase of the rate constant was noticed, passing from
1.2 104 m3/kg. s at 25 �C to 2.1 104 m3/kg. s at 55 �C.

Iliuta and Iliuta (2017) developed an enzyme–CO2 dynamic 3D model removal
performance of countercurrent packed-bed column reactors based on continuity,
momentum, and species balance equations in the liquid and gas phases with simul-
taneous diffusion and chemical reaction at the enzyme washcoat/liquid film scale
level. They observed that the packed-bed column reactor performance with
immobilized human enzyme hCA II on random packings can be enhanced by
reducing the washcoat thickness, increasing the inlet buffer concentration and pKa
constant, and increasing the liquid velocity maintaining a low pressure drop level.
Also, operating with extra hCA II loadings allows obtaining higher CO2 conversion
and avoids the degradation of the CO2 hydration rate in long-term operation attrib-
utable to the decrease of hCA II enzyme activity.

Solvents

Many other solvents (ammonia, amino acids, primary, secondary, tertiary, and
hindered amines) have all been used with CA. For amine solvents, the noncatalyzed
rate increases linearly with increasing pKa (Penders-Van Elk et al. 2016a, b).

Penders-van Elk and coworkers studied extensively the carbonic anhydrase
kinetics for CO2 absorption with various solvents using different process conditions
(Penders-Van Elk et al. 2012, 2013, 2016a, b). They investigated in their first study
(Penders-Van Elk et al. 2012) the kinetics of two types of carbonic anhydrase with
MDEA at 298 K in a stirred cell reactor and reported that the CO2 physical solubility
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is not affected by enzyme addition. They observed a neat overall reaction rate
increase of the solvent with the enzyme concentration increase at a fixed solvent
concentration, with a linear relationship at lower enzyme concentration and a
flattening out at higher enzyme concentrations. They also examined several new
alkanolamines (Penders-van Elk et al. 2015): N,N-diethylethanolamine (DEMEA),
N,N-dimethylethanolamine (DMEA), monoethanolamine (MEA), triethanolamine
(TEA), and triisopropanolamine (TIPA) at 298 K. In both TEA and DMEA, they
observed a decrease in enzymatic activity. A very low MEA concentration was
chosen (0.1 mol/l) for measuring the enzymatic reaction. In a most recent study
(Penders-Van Elk et al. 2016a, b), they looked at the enzyme kinetics with the
temperature dependency in MDEA solutions and derived a simplified kinetic model
based on their experimental results in a temperature range from 278 to 313 K. The
model, however, underpredicted the results obtained at 298 K and overpredicted the
ones at 343 K.

Vinoba and coworkers (Vinoba et al. 2013) used a vapor–liquid equilibrium
device to investigate the CO2 absorption using MEA, DEA, MDEA, and AMP
solutions enhanced by bovine carbonic anhydrase. The results showed that the
overall CO2 absorption flux and reaction rate constant followed the order
MEA > DEA > AMP > MDEA in the absence or presence of CA. The hydration
of CO2 by MDEA in the presence of CA directly produced bicarbonate, whereas
AMP produced unstable carbamate intermediate and then underwent hydrolytic
reaction and converted to bicarbonate. The MDEA > AMP > DEA > MEA reverse
ordering of the enhanced CO2 flux and reaction rate constant in the presence of CA
was due to bicarbonate formation by the tertiary and sterically hindered amines.
They reported that CA increased the CO2 absorption rate by MDEA by a factor of
3 relatively to the absorption rate by MDEA alone. Furthermore, the thermal effects
suggested that CA yielded a higher activity at 40 �C.

Zhang and Lu carried out the same simulation considering 5 M MEA as liquid
phase, in condition of lean (40% MEA conversion) and rich (90%MEA conversion)
solvent. Their results pointed out that the overall rate of CO2 absorption into 5 M
MEA solution and into K2CO3 20% promoted by 3g/l CA was about the same.

Recently, Gladis and collaborators (Gladis et al. 2017) studied the effect of
carbonic anhydrase addition on the absorption of CO2 in a wetted wall column
apparatus where they compared four solvents, the MEA, AMP, and MDEA with
K2CO3, in concentrations ranging from 5 to 50 wt% in a temperature interval from
298 to 328 K with and without an enzyme. The results showed that the addition of
carbonic anhydrase increased dramatically the liquid side mass transfer coefficient
for MDEA and K2CO3, AMP had moderately increased, whereas MEA was
unchanged. The results confirmed that only bicarbonate forming systems benefit
from the enzyme catalyst.

Sivanesan and his group (Sivanesan et al. 2015) used model complexes based on
the carbonic anhydrase in aqueous tertiary amine medium to improve CO2 sequestra-
tion. They used a stopped-flow spectrophotometer to follow pH changes coupled to
pH indicator in a continuous stirred-tank reactor (CSTR) to determine the effect of
substituents on the CA model complexes on CO2 absorption and desorption. The CO2

hydration rate constants were determined under basic conditions, and a compound
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which contained a hydrophilic group showed the highest absorption or hydration
levels of CO2 (2.860 103L/(mol. s)). Furthermore, the CSTR experimental results
for simple model CA complexes may be suitable for post-combustion processing.

1.4.5 Temperature Effect on Carbonic Anhydrase Activity
and Structure

At high temperature, enzymes lose their biological activity and become irreversibly
denaturated. This inactivation by heat denaturation has a profound effect on the
enzyme productivity (Sheldon 2007). The temperature limitation of enzymes is an
important parameter for industrial applications affecting the cost of the process if the
enzyme could not be reused. Lavecchia and Zugaro studied the thermal behavior of
bovine carbonic anhydrase (Lavecchia and Zugaro 1991) who reported that carbonic
anhydrase was active under 60 �C, but it lost its activity between 60 and 65 �C.

Many authors reported recently a decrease in enzyme activity when exposed to
higher temperatures for a longer time (Russo et al. 2013; Gundersen et al. 2014; Ye
and Lu 2014). The positive results from the large-scale experiments encourage the
application of CA in carbon capture and show that it is possible to develop thermo-
stable enzymes through protein engineering.

1.5 Enhanced Enzymatic Carbon Capture Overview

A wide spectrum of reactor configurations is reported in literature. However, the
absorption unit designs are still an open and challenging issue. The reactor configu-
rations, in general, are strongly associated with the enzyme form used, i.e., dissolved
(homogeneous catalysis) or immobilized (heterogeneous catalysis). Nevertheless, the
use of heterogeneous catalysts provides numerous advantages, in particular:

1. The use of immobilized carbonic anhydrase allows its easy recovery and reuse.
2. The use of the dedicated enzyme immobilization technique improves substan-

tially its stability under the industrial processing conditions (Garcia-Galan et al.
2011).

3. Because the CO2 absorption requires high salts and enzyme concentrations, the
free CA may aggregate and then reduce the homogeneous enzyme efficiency
(Ye and Lu 2014).

4. The suitable immobilization technique allows the use of high enzyme loadings,
concentrations larger than 300 mg/l (Ye and Lu 2014).

The morphology of the solid biocatalyst and the reactor configuration should be
carefully designed to maximize the CO2 absorption rate. Several authors (Iliuta and
Larachi 2012; Russo et al. 2013) reported that the enzyme catalysis on the CO2

absorption rate is enhanced by the immobilized enzyme availability at the gas–liquid
interface, by virtue of which various technical designs are available in the literature.
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Iliuta and Larachi (2012) proposed a novel conceptual model of a multiscale
monolith slurry reactor where hCA II was covalently immobilized on a monolith
wall. The monolith is a bundle of parallel channels (honeycomb like) with a 3 mm
cross-sectional diameter. The solvent was permanently regenerated by ion-exchange
beads (Amberlite IRN-150) which remove ions, preventing CA product inhibition
and enhancing CO2 hydration rate. The reactor was run continuously with respect to
both liquid and gas phases in a cocurrent flow pattern. They simulated the effects of
enzyme loading, channel washcoat thickness, resin concentration, buffer acid–base
constant and concentration, fluid fluxes, gas composition, and channel length on
CO2 scrubbing for monolith three-phase slurry enzymatic reactor enabled
assessment.

Zhang and his group used hollow fiber membrane reactor filled with immobilized
carbonic anhydrase by nanocomposite hydrogel to study the CO2 facilitated trans-
port. They reported that simulated results of CO2 and CA concentrations, and flow
rate of feed gas on CO2 removal performance were in agreement with the experi-
mental data with a maximum deviation of up to 18.7%. Besides, they also investi-
gated the effect of CO2 concentration on the required membrane areas for the same
CO2 removal target (1 kg/day).

Hou and colleagues developed a novel biocatalytic gas–liquid membrane
contactor for CO2 capture with virgin and superhydrophobic PP hollow fibers. To
promote CO2 hydration, biocatalytic TiO2 nanoparticles with covalently
immobilized CA were suspended in the solvent absorbent. The CA immobilization
on titania nanoparticles was proved beneficial for higher immobilization yields and
easier biocatalyst recovery with respect to CA adsorbed to the inner wall of the
membrane. They also showed that the enzymatic promotion is more efficient at low
liquid Reynolds number, which correspond to operating conditions of most conven-
tional gas–liquid membrane contactors.

Leimbrink and his group (Leimbrink et al. 2017a) compared the use of some
intensified contacting devices (ICD), especially membrane contactor (MC) and
rotating packed beds (RPB) to classical packed columns (PC) to achieve enzyme
accelerated carbon capture. They investigated a 30 wt. % aqueous MDEA solution
with and without dissolved CA in a packed column and in the two ICDs to evaluate
the potential improvement of a joint application of the ICD intensified contacting
devices and the application of CA absorption. While all three equipments show
similar absorption performance without adding CA, the authors claimed that the
RPB can handle exceptionally high gas loads, while the MC can be operated over a
much wider range of liquid loads. When CA is added to the solvent, the PC and the
RPB show superior performance compared to the MC.

Kim and colleagues (Kim et al. 2017) studied the use of carbonic anhydrase for
the acceleration of CO2 reaction in MEA and MDEA solutions in a lab-scale
membrane contactor module. They used specific microporous membranes which
have both hydrophilic (surface) and hydrophobic (bulk) properties in order to avoid
wetting of solution and reduce fouling by the enzymes simultaneously. They
reported that enzyme addition improved substantially the CO2 absorption rate in
MDEA solution but had a negative effect in MEA solution. They coated, in the
meantime, the porous hydrophobic membranes with a highly selective polyionic
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liquid layer to increase the affinity of CO2 towards the interfacial area and conse-
quently the driving force. They obtained promising results with the activated mem-
brane material to accelerate CO2 transport in MDEA solution. They concluded that
polyionic liquid membrane coating combined with enzyme enhances considerably
the CO2 absorption in MDEA solution.

Gaspar and collaborators (Gaspar et al. 2017) developed a rate-based model for
CO2 absorption using carbonic anhydrase-enhanced MDEA solution and validated it
against pilot-scale absorption experiments. The authors reported that the developed
model is suitable for CO2 capture simulation and optimization using MDEA and
MDEA enhanced with CA. Besides, they studied the accuracy of the enhancement
factor model for CO2 absorption/desorption using wetted wall column for various
CO2 loadings and temperatures.

Leimbrink and his team (Leimbrink et al. 2017b) studied the combination of the
effects of an aqueous MDEA solution with carbonic anhydrase in a packed column
pilot plant to offset the loss of separation efficiency caused by the lower driving force
in CO2 capture from power plant flue gases.

They explored two different CA application strategies as a biocatalyst in
reactive absorption processes to understand their influence on absorption effi-
ciency: (i) dissolution of the enzyme in the solvent to allow the enzyme to react
in the liquid boundary layer. However, due to the enzyme temperature sensitivity,
the enzyme recovery requires an additional operation before desorption at high
temperatures. (ii) Immobilization of the enzyme inside the absorption column is an
alternative to this drawback but may create additional mass transfer resistance at
the solid particles. Although this strategy allows locating the enzyme at convenient
process conditions and avoiding high temperature in the desorber, the enzyme
immobilization and the suitable packing selection increase the difficulty of this
strategy.

Absorption performance with enzyme dissolution was three times higher than of
the enzyme immobilization under equivalent operating conditions, but the
immobilized enzyme concentration used was 50 times lower. On the other hand,
the authors (Leimbrink et al. 2017b) reported that, with a liquid inlet temperature of
20 �C, a 30 wt. % MDEA concentration, and a liquid flow rate of 24 m3/(m2. h), the
best absorption performance with the enzyme dissolution and the measured absorp-
tion rate was 7.57 times higher than without enzyme added.

1.6 Major Research Programs and Pilot Plants Worldwide

Several companies are developing novel carbonic anhydrase-based CO2 capture
technologies. These attempts are focusing to improve the enzyme forms and
functions to develop new methods for the enzyme use in engineered systems and
to develop specialized mass transfer unit operations to implement the enzyme
function.
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1.6.1 Enzyme-Enhanced Amines by CO2 Solution Inc.

CO2 Solutions Inc. (CSI) of Québec, Canada, has been developing CO2 capture
systems based on the biocatalyst carbonic anhydrase use in packed-bed absorption
tower-type absorber–stripper systems [CO2 Solutions, 2009]. This concept allows
solutions with low regeneration temperatures having low absorption rates techni-
cally viable candidates for post-combustion capture.

Recently (2015), CO2 Solutions Inc. has successfully demonstrated a 10 tpd CO2

enzyme accelerated solvent carbon capture project from a natural gas fired boiler in
Salaberry-de-Valleyfield near Montreal, Canada (Fig. 1.12). The plant was success-
fully run for 2500 h with biocatalyst stable performance, negligible solvent deterio-
ration, no toxic waste generation, and production of 99.95% pure CO2 suitable for
many reuse applications. The plant reached 95% CO2 capture which illustrates a wide
range achievement of performance objectives. The inventors found that the enzyme
remaining in the solvent kept excellent activity throughout the test period and
demonstrated an easy enzyme addition during plant running. CO2 Solution Inc.
(CSI), which has proved the ability to erect up to 300 tpd plant, is presently erecting
a 30 tpd plant in Canada and start-up is estimated in late 2018.

Lalande and Tremblay of CO2 Solutions Inc. (Lalande and Tremblay 2005)
invented a process and built a CO2 recovery and recycling unit for gas emissions
from a cement clinker production plant. In that process, a gas/liquid CO2 packed
column absorption catalyzed by carbonic anhydrase is used and subsequent with the
production of limestone (CaCO3). The sequence is accomplished when the CaCO3 is
used as first class raw material for the fabrication of Portland cement.

In addition,Codexis Inc., in a joint venture with CO2 Solution Inc., has built a pilot-
scale CO2 capture process at the National Carbon Capture Center in Wilsonville,
Alabama, USA, in which the observed CO2 absorption rate was enhanced 25-fold
compared to the noncatalyzed absorption process (Alvizo et al. 2014).
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Fig. 1.12 Carbonic anhydrase-catalyzed amine absorber plant for carbon capture from fuel-fired
power plant flue gas. (www.CO2solutions.com)
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1.6.2 NASA Thin Liquid Membrane System

The National Aeronautics and Space Administration (NASA) has initially devel-
oped another process to clean the ambient air in the confined inhabited crew cabins
where CO2 is captured in thin aqueous films with some immobilized CA (Ge et al.
2002; Cowan et al. 2003).

The CO2 concentration of such ambient air is relatively low (� 0.1%). Figure 1.13
illustrates the membrane rector constructed by sandwiching a thin (330 μm thick)
enzymatic solution layer CA containing phosphate-buffered solution between two
polypropylene membranes, themselves retained by thin metallic screens to insure the
liquid membrane thickness and rigidity. The incoming CO2 from the ambient
atmosphere dissolves immediately in the liquid membrane on one face and then
diffuses across the liquid membrane and evaporates out on the liquid membrane
opposite face, either in vacuum or in a carrier gas. Capture and release gases analysis
showed a selective CO2 diffusion in a ratio of 1400 to 1 compared to N2 and 866 to
1 compared to O2. The collected data elected this enzyme-based contained liquid
membrane as a viable and suitable technique for NASA applications to control CO2

in the crew cabins.

1.6.3 Hollow Fiber Membrane Program by Carbozyme Inc.

Carbozyme, Inc. has developed a biomimetic CO2 capture apparatus able to accept a
wide spectrum of gas streams and generate a stream acceptable to a pipeline
operator. The Carbozyme permeator design consists of two fibrous microporous
membranes portioned by a thin liquid membrane (CLM). To optimize the conversion
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Gas with CO2
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Fig. 1.13 Thin liquid membrane for CO2 capture developed by NASA. (Ge et al. 2002)
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efficiency, the enzymatic biocatalyst is immobilized in the hollow fiber wall to insure
an intimate contact between CO2 and the carbonic anhydrase at the gas–liquid
interface (Fig. 1.14).

Contained liquid membranes (CLM) are a gas-to-gas application and operated in
the same way as simple selective membranes. Absorption and desorption are carried
out in the same unit where CO2 dissolves into the liquid in the membrane and is
desorbed on the other side producing an ultrapure CO2 stream. They may be used as
flat membranes or hollow fiber membranes to increase contact area but increasing
operating difficulty. Sweep gas (argon or nitrogen) is usually used for desorption in
experimental setups, whereas it would be done with vacuum in industrial scale. The
advantage of this aims reducing energy which is beneficial for the enzyme stability
(Figueroa et al. 2008). However, the process requires energy to pressurize the
incoming gas and to create vacuum on the exit side. In addition, solvent loss through
evaporation in the membrane pores may also be a serious problem, and higher
capture ratios often require exponentially higher energy needs (Russo et al. 2013).
The application of such technology may be suitable for cases where the inlet CO2

concentration is fairly high and sufficiently low carbon capture rates are needed. This
technology has led to satisfactory experimental results on laboratory scale. Bao and
Trachtenberg have shown that CA in bicarbonate gave higher carbon capture rates
than both uncatalyzed bicarbonate and the secondary amine diethanolamine (DEA)
(Bao and Trachtenberg 2006).

The Carbozyme system achieved 85% CO2 removal from a 15.4% CO2 feed
stream in a 0.5 m2 permeator as predicted by the model calculations (Trachtenberg
et al. 2009).

Fig. 1.14 Carbozyme permeator operation diagram. (Trachtenberg et al. 2009)
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Most recently, Carbozyme has reported on the use of a proprietary absorber–
stripper arrangement based on the same concept of using carbonic anhydrase
immobilized at the gas–liquid interface (Smith et al. 2010).

However, in this process, some technical difficulties may appear due to the drying
of aqueous film during continuous longtime process running. To overcome this
drawback, Trachtenberg and his group suggested humidifiers such as polysulfone
to humidify the capture and release gases (Cowan et al. 2003). Nevertheless, for a
better solution to this problem, the investigators adapted the technique to hollow
microporous fiber networks where the flue gas and the release gases could flow (Bao
and Trachtenberg 2006; Trachtenberg et al. 2009). Following this progress,
Carbozyme developed a new technology based on hollow microporous propylene
microfibers, separated by control separators made of thin oxide powders, the whole
system bathing in an excess aqueous enzyme solution. The enzyme was directly
immobilized on the external faces of the microfibers, and water vapor under mod-
erate vacuum (15 kPa) was used as sweep gas at low flow rates in the release
microfibers. The CO2 content in the sweep gas almost reached 95%, for a flue gas
containing 15% of CO2. No significant loss of enzyme activity was observed during
a 5-day continuous run, and a conservative run time of 2500 h was selected before
needing to change the enzyme (Trachtenberg et al. 2009).

Yong and his team (Yong et al. 2016) developed a similar strategy to promote the
reaction rate by the electrostatic adsorption of carbonic anhydrase onto the surface of
both porous polypropylene (PP) and nonporous polydimethoxysilane (PDMS) hol-
low fiber membranes via layer-by-layer (LbL) assembly. They reported that CO2

absorption rate into K2CO3 is increased approximately threefold when CA is
adsorbed onto the PP membrane surface, while the absorption rate of the modified
PDMS membrane was slightly lower, within 70–90% of the PP values. The CO2

hydration is enhanced in all cases, and the wetting of the porous PP membranes is
significantly reduced by the pore blockage induced by the LbL adsorption of the
polyelectrolytes. The company Carbozyme is developing a similar hollow fiber
membrane system.

Furthermore, Novozymes has deposited some patents, the latter of which pro-
posed the combination of various CO2 capture and release units, such as those
developed by the CO2 Solutions or Carbozyme companies interconnected by fluid
circulation pipes (Saunders et al. 2010).

1.6.4 Other Miscellaneous Programs

Akermin, Inc.

Akermin, Inc. has developed a carbonic anhydrase immobilization–stabilization
technique for CO2 capture from flue gas. The conceptual idea is to encapsulate the
enzyme in custom polymer structures, thus protecting the enzyme and allowing a
long life. Besides, the enzyme is spread out in the capture solution to be present at all
the gas–liquid interface, where it can provide higher benefit.
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The immobilized biocatalyst was shown to enhance kinetic rates compared to
coated packing, and modeling showed a 30% lower energy needs (Reardon et al.
2014).

Akermin has been working on the technology for approximately 5 years and was
recently awarded a 2-year project to optimize its enzyme-containing solvent formu-
lation and demonstrate process efficacy by treating up to 2 standard cubic meters of
simulated flue gas per hour (US Department of Energy National Energy Technology
Laboratory, NETL, 2016h).

Akermin, Inc. has carried out field tests with their surface-immobilized packing
absorption device at the National Carbon Capture Center (NCCC) in Wilsonville,
Alabama. They achieved 80% capture in an absorption column with around 0.21 m
diameter and a total packing height of around 8 m with 20 wt% K2CO3 with a liquid
to gas ratio of 7.88 (kg/kg) over a timeframe of 5 months and 1 month, respectively.
A six to sevenfold higher mass transfer rates was observed with the use of the
surface-immobilized enzyme (Reardon et al. 2014).

Sulzer BX Gauze Packing

Kunze and coworkers (Kunze et al. 2015) carried out laboratory-scale experiments
and showed chemical capability and evaluated various solvents. They measured CO2

absorption rates of 30 wt.% MEA, 30 wt.% MDEA, 30 wt.% DEEA, and 10 wt.%
K2CO3 with the addition of 0.2 wt.% carbonic anhydrase. They identified aqueous
solutions of 30 wt.%MDEA as well as 30 wt.% K2CO3 as promising solvents whose
CO2 absorption rate was accelerated by the enzyme, as the addition of 0.2 wt.%
carbonic anhydrase led to an increase of the absorbed mole flow by a factor larger
than 4. Next, they tested the technical feasibility of the enzyme–solvent concept
packed columns to check for scaling of laboratory size performance to pilot size
(56 mm diameter, 2.3 m high, Sulzer BX gauze packing). Absorption runs at 317 K
and 15 vol. % CO2 in the gas phase resulted in comparable intensification of
absorption compared to the results from the spray reactor, and CECA values of
4.0–5.9 for K2CO3 and 3.3–4.2 for MDEA were reported. They reported a good
agreement in the increase of the absorbed mole flow in pilot scale in the presence of
biocatalyst with the laboratory-scale experiments and did not observed any
undesired effects such as foaming or aggregation.

Sandia National Laboratories Ultrathin Liquid Membrane

The Sandia National Laboratories group in collaboration with the University of New
Mexico (Fu et al. 2018) has very recently developed a CA-catalyzed, ultrathin liquid
membrane nano-immobilized via capillary forces for CO2 separation (Fig. 1.15).
Using atomic layer deposition and oxygen plasma processing, the silica mesopores
are engineered to be hydrophobic except for an 18-nm-deep region at the pore
surface which is hydrophilic. Carbonic anhydrase enzymes and water fill
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spontaneously the hydrophilic mesopores through capillary condensation to form an
array of immobilized enzymes with an effective concentration ten times greater than
that achievable in solution.

The metalloenzyme rapidly catalyzes CO2 and H2O conversion into HCO�
3 . Fu

and his team (Fu et al. 2018) found that the enzymatic liquid membrane separates
CO2 at room temperature and atmospheric pressure at a rate of 2600 GPU with CO2/
N2 and CO2/H2 selectivities as high as 788 and 1500, respectively, the highest
combined flux and selectivity yet assessed for ambient condition operation by
minimizing diffusional constraints, stabilizing and concentrating CA within the
nanopore array to a concentration ten times greater than achievable in solution.

The authors have created in this device a mechanically stable liquid membrane
just 18 nm thick, whereas in the Carbozyme configurations (Trachtenberg 2011), the
characteristic membrane thicknesses were limited to 10–100 μm invalidating, there-
fore, the potential advantage of the liquid membrane compared to a polymer
membrane. Furthermore, the advantage of this membrane compared to Carbozyme’s
is that the confinement within the close-packed array of hydrophilic nanopores
allows for higher enzyme concentration. In addition, the higher hydrophilic
nanopore density in this new membrane, when filled with CA, would provide a
considerably higher local CA concentration.

1.7 Conclusion

Although the use of carbonic anhydrase for biomimetic CO2 capture is still in its
infancy, it is an effective and rapidly advancing technology. However, the industrial
applications of enzymes in carbon capture processes are restricted by their high cost,

Fig. 1.15 The ultrathin liquid membrane by courtesy of Sandia National Laboratories. (Fu et al.
2018)
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low catalytic activity, poor stability in time, high sensitivity to temperature, low
resistance to pollutants such as sulfur compounds, and reusability. To overcome
these adversities, further developments are still needed so that improved economic
feasibility and significant progress on several features may also be expected.

Although the well-understood physicochemical laws governing the carbon cap-
ture in aqueous and solvent mediums are allowing development of various efficient
reactor types, much effort should be made not only to improve the state-of-the-art
technology but also to develop several innovative chemical reactor concepts for
enzymatic gas–liquid contactors.

Besides, carbon dioxide may be turned into chemicals and fuel using chemical,
photochemical, electrochemical, and enzymatic methods such as conversion to
carbon monoxide, to methanol, to formic acid, to glucose, or to methane. Although
facing harsh barriers, the enzymatic conversion of carbon dioxide into useful
chemicals is making great strides and could be used to recycle considerable amounts
of carbon. The implementation of these technologies with enzymatic conversion
would very likely enhance selectivity and productivity and ought to be given further
attention in the future.

In addition, only few conceptual processes have been tested on a lab scale, but
just a very few of them have demonstrated potential interest on an industrial scale.
Emerging processes that have successfully completed smaller pilot-scale tests and
are in the process of scaling up to larger demonstrations are likely to be available
commercially in the next 5–10 years. Nonetheless, several interesting routes have
not yet been sufficiently explored.

In conclusion, all these studies confirm the remarkable potential of some CA
forms as biocatalysts, providing a realistic demonstration of the feasibility of the
biomimetic CO2 capture processes.
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Abstract Global warming issues arise due to the emission of carbon dioxide gas
into the atmosphere. Carbon dioxide concentration in the environment has appre-
ciably increased due to burning of carbon-based fossil fuels which releases large
quantities of greenhouse gas into the atmosphere. Global warming can be controlled
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by minimizing greenhouse gas emissions into the atmosphere by capturing carbon
dioxide from current effluent sources by applying carbon capture and sequestration
technology. Carbon dioxide can be readily captured from post-combustion flue gas
using mixed-matrix membranes filled with various nanofillers. This chapter com-
prehensively discusses recent developments made in the field of carbon capture from
post-combustion flue gas using polymer-based mixed-matrix membranes containing
different microporous metal–organic frameworks and other nanomaterials to signify
their prospective application on an industrial scale. A comparison of membrane
separation technology with conventional processes in terms of carbon capture
performance is made here. Carbon capture performance of various mixed-matrix
membranes prepared from different polymer matrices and selected microporous
nanofillers is reviewed in terms of CO2 permeability and CO2/N2 selectivity. Notable
polymer matrices used to prepare mixed-matrix membranes include polysulfone,
polyimide, polydimethylsiloxane, Matrimid®, Ultrason®, Pebax, SPEEK, and
Ultem®. Currently investigated prominent nanomaterials comprise carbon
nanotubes, graphene oxide nanosheets, and silica, while noteworthy microporous
metal–organic frameworks encompass HKUST-1, ZIF-7, ZIF-8, ZIF-300, ZIF-301,
ZIF-302, MIL-53, and MIL-101. Nanomaterial-filled membranes offer superior
carbon dioxide separation performance as compared to their respective pure polymer
counterparts and higher selectivities than the associated pure metal–organic frame-
work membranes. Main advantages of these membranes include easy processability,
casting and handling, improved mechanical and chemical properties, and superior
gas separation performances.

Keywords Global warming · CO2 capture · Post-combustion · Mixed-matrix
membranes · Polymer · Metal–organic frameworks · Zeolitic imidazolate
frameworks · Permeability · Selectivity · Porous materials

2.1 Introduction

One of the major issues currently being faced by the Earth’s sphere is global
warming due to continuous release of carbon dioxide (CO2) gas into the atmosphere.
In contrast to its natural fluctuation, carbon concentration in atmosphere has signif-
icantly been increased in a quick succession of time due to anthropogenic activities
(Fig. 2.1). With the beginning of industrial revolution in the late eighteenth century,
the CO2 level in the atmosphere has enormously increased, thus disturbing the
energy balance by raising the average surface temperature of the Earth (ESRL
2019). Burning of fossil fuels, required to fulfill ever-expanding energy demands
of the world, discharges large volumes of carbon dioxide into the atmosphere
(Quadrelli and Peterson 2007). These carbon-based fuels are still needed in the
upcoming decades, especially in power plants and other industries. Growing world
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industry and expanding economy would result in further accumulation of atmo-
spheric CO2 in the future and disturb the poised carbon balance of the Earth planet
(Pachauri and Reisinger 2007). Being the main promoter in raising the climate
temperature, it is urgently needed to launch international measures to mitigate
greenhouse gas emissions in order to control global warming and protect world
environment.

Ideally the switch of the current energy-providing setup from carbon-based
sources to clean-energy alternatives like solar energy or hydrogen fuel is considered
to be the best option in this regard. Shifting to such cleaner alternative sources
demands extensive alterations to the existing energy infrastructure; majority of the
suggested technologies are still under refining process so as to implement them on
large industrial scale. Consequently, existing carbon capture and sequestration
(CCS) technologies effectively capturing carbon dioxide from current effluent
sources are believed to play a vibrant role until substantial alterations to the energy
framework can be recognized. The Intergovernmental Panel on Climate Change
(IPCC) estimates 80–90% reduction in CO2 emissions for a recent power plant
furnished with an appropriate CO2 capture and sequestration technology (Metz
et al. 2005). The application of CCS technology is supposed to go in parallel with
other important techniques like shifting to clean energy sources.

As compared to mobile sources, it is easy to implement CO2 capture technologies
at stationary point sources, such as natural gas- and coal-fired energy plants. The

Fig. 2.1 Atmospheric CO2 concentration during 1958–2019 measured at the Mauna Loa Obser-
vatory, Hawaii, displaying successive elevation of CO2 in atmosphere. Note the CO2 concentration
in the atmosphere steadily and consistently increased in the last few decades. Modified after (ESRL
2019)
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insertion of effectual CO2 capture systems to modern power plant designs is likely to
provide huge reduction in CO2 discharges. Carbon capture and sequestration
approach is accomplished in three stages, namely, CO2 capture and its transportation
and permanent storage (Haszeldine 2009). The process of CO2 capture involves its
separation from a mixture of gases originated in a certain operation. After
transporting it to a storing location, the captured CO2 is subjected to perpetual
sequestration by inserting it into subterranean geographical structures, such as saline
water aquifers or exhausted petroleum reservoirs.

In contrast to its capture technologies, transportation of CO2 to a storing location
and its perpetual storage are comparatively established technologies. This chapter is
proposed to familiarize the reader with a comprehensive overview of the advance-
ment made in the field of carbon dioxide capture from post-combustion flue gas
using polymer-based mixed-matrix membranes (MMMs) filled with micro- and
meso-porous metal–organic frameworks (MOFs) and nanomaterials, a short com-
parison of their capture performance with the current technologies, a summary of
chemistry of mixed-matrix membranes, and an emphasis on the highly demanding
properties requiring improvements. After giving a brief introduction to CO2 capture
technology and recent advancements made in this field, this chapter will discuss
various membrane preparation and characterization techniques used to correlate
chemical and structural characteristics of mixed-matrix membranes with their sep-
aration performances and associated study directly related to CO2 separation in
mixed-matrix membranes. Although a few review articles on CO2 capture and
sequestration using mixed-matrix membranes filled with various nanomaterials
and metal–organic frameworks are available (Jeazet et al. 2012; Daturi and Chang
2011; Hedin et al. 2010; Keskin et al. 2010; Choi et al. 2010), a comprehensive
review is required to make some directed outlook available for prospective research
owing to a large number of research articles published in this field.

2.2 Controlling Global Warming via Carbon Capture

2.2.1 Carbon Capture and Sequestration

One of the current issues the Earth is facing today is global warming due to
continuous increase in emissions of atmospheric carbon dioxide mainly owing to
anthropogenic activities. In contrast to its natural fluctuation, the increased carbon
release due to anthropogenic activities has noticeably affected the Earth’s climate in
a quick succession of time (ESRL 2019). With the beginning of industrial revolution
in the late eighteenth century, the CO2 level in the atmosphere has enormously
increased (Fig. 2.1), thus disturbing the energy balance and raising the average
surface temperature of the Earth. Being the main culprit in raising the climate
temperature, it is urgently needed to minimize CO2 emissions into the atmosphere.
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Burning of fossil fuels, required to fulfill ever-expanding energy demands of the
world, discharges large volumes of carbon dioxide (ca. 80% of CO2 emissions over
the globe) (Quadrelli and Peterson 2007; Girault et al. 2018). These carbon-based
fuels are still needed in the upcoming decades, especially in power plants and other
carbon-burning industries. Growing world industry and expanding economy would
result in further accumulation of atmospheric CO2 in the future and disturb the
poised carbon balance of the Earth planet.

Ideally the switch of the current energy-providing setup from carbon-based
sources to clean-energy alternatives, e.g., solar energy or hydrogen fuel, is consid-
ered to be the best option in this regard. Shifting to such cleaner alternative sources
demands extensive modifications to the existing energy infrastructure; majority of
the suggested technologies are still under refining process so as to implement them
on large industrial scale. Consequently, existing carbon capture and sequestration
(CCS) technologies effectively capturing carbon dioxide from current effluent
sources are believed to play a vibrant role until substantial alterations to the energy
framework can be recognized. The fundamental theory of CCS includes capturing
CO2 emissions without discharging them into the atmosphere followed by their
storage or sequestration under high pressures. The Intergovernmental Panel on
Climate Change (IPCC) estimates 80–90% reduction in CO2 emissions for a recent
power plant furnished with appropriate CO2 capture and sequestration technologies.
The application of CCS is supposed to go in parallel with other important techniques
like shifting to clean energy sources.

As compared to mobile sources, it is easy to implement CO2 capture technologies
at stationary point sources, such as natural gas- and coal-fired energy plants. The
insertion of effectual CO2 capture systems to modern power plant designs is likely to
provide huge reduction in CO2 discharges. CCS is accomplished in three stages,
namely, CO2 capture and its transportation and permanent storage. The process of
CO2 capture involves its separation from a mixture of gases originated in a certain
operation. After transporting it to a storing location, the captured CO2 is subjected to
perpetual sequestration by inserting it into subterranean geographical structures,
such as saline water aquifers or exhausted petroleum reservoirs.

In contrast to its capture technologies, transporting CO2 to a storing location and
its perpetual storage are comparatively established technologies. Well-established
techniques for CO2 sequestration are already in practice (such as enhanced oil
recovery (EOR) processes) along with the construction of numerous probationary
CO2 sequestration locations. Alternative utilization pathways for the captured CO2

include its reuse as a reactant in chemical transformations, though it does not seem to
be a feasible enduring scheme owing to huge volumes of CO2 releases worldwide
(about 30 Gt per annum). Another promising method to consume substantial quan-
tity of captured CO2 is its chemical transformation into useful petroleum products if
proficient techniques for accomplishing the conversion through a renewable energy
source can be established (Kumar et al. 2010).
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2.2.2 Technologies/Methods in Carbon Capture

Quest for scalable commercial methods and technologies for carbon dioxide capture
from gas- or coal-fired electricity generating plants and other industrial processes
where carbon dioxide is generated due to burning of carbon-based fuels is consid-
ered as the main valuable approach in managing anthropogenic CO2 emissions.
Depending on its production quantities, various suggested CO2 capture techniques
have been executed. In general, based on chemical processes engaged in the
combustion of fossil fuels, three basic CO2 capture options under which new
materials could serve to reduce the energy requirements include (1) post-combustion
capture, (2) pre-combustion capture, and (3) oxy-fuel combustion (Sumida et al.
2012). As an illustration three options for CO2 capture from power generation plants
are schematically illustrated in Fig. 2.2.

In post-combustion capture, CO2 obtained as a result of combustion of fossil fuel
in air is separated from flue gas before releasing it into the atmosphere. Owing to
large amount of N2 in air employed in fuel combustion, this is mainly the separation
of CO2 from CO2/N2 gas mixture. Post-combustion capture is considered to be the
most feasible technique since it can easily be retrofitted to currently operating power
plants and befoul-producing bioreactors. A supplementary benefit of post-
combustion capture is to generate power even if CO2 capture facility is not func-
tioning due to emergency, which is not probable with other complex capture
technologies.

Fig. 2.2 Basic schemes showing the types of CO2 capture technologies from power generation
plants
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In pre-combustion capture, gasification of a primary fuel such as coal in presence
of oxygen or air produces a high-pressure flue gas containing H2 and CO2 or in some
cases CO, which can subsequently be converted to CO2 followed by separation of H2

and CO2. The separated H2 is subsequently used for power generation, thus giving
only H2O as the end product. As compared to post-combustion CO2 capture,
pre-combustion process carries the advantage of easier CO2/H2 separation and
lower energy requirements. The challenges with pre-combustion capture include
high capital cost, elevated operating temperature, low process efficiency, and com-
munity clash for new construction.

To reduce CO2 emissions via oxy-fuel combustion, coal or natural gas is
combusted using pure O2 by performing O2/N2 separation from air. O2 separated
from air is diluted with CO2 before combustion, resulting in a flue gas consisting of a
mixture of H2O and CO2. The gaseous mixture obtained here can be directly stored
as almost pure CO2. However, air separation to render pure O2, normally obtained
via conventional cryogenic process, leads to high capital cost.

All these CO2 capture techniques involve separation of different gases with
varying physical properties. Owing to their singular physical characteristics, gases
subjected to separation demand a totally different group of materials’ properties for
each separation as tabulated in Table 2.1. It helps to realize the significance of
materials optimization, necessary to develop the next-generation CO2 capture
materials.

2.2.3 Current Carbon Capture Materials

The main existing CO2 capture technologies and methods normally applied for CO2

separation are schematically illustrated in Fig. 2.2. Different types of materials are
used as the carriers in each case; cryogenic separation is an exception.

Table 2.1 Physical properties of gases associated with carbon dioxide capture processes (Sumida
et al. 2012)

Gas
molecule

Kinetic
diameter
(Å)

Polarizability
(10�25 cm�3)

Dipole moment
(10�19 esu�1 cm�1)

Quadrupole moment
(10�27 esu�1 cm�1)

CO2 3.30 29.1 0 43.0

CO 3.76 19.5 1.10 25.0

N2 3.64 17.4 0 15.2

H2O 2.65 14.5 18.5 –

NO2 – 30.2 0 –

NO 3.49 17.0 1.59 –

O2 3.46 15.8 0 3.9

H2 2.89 8.04 0 6.62

H2S 3.60 37.8 9.78 –
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Solvent scrubbing or absorption is a mature CO2 separation method currently
applied in various petroleum and chemical industries. Solvent scrubbing can be
accomplished via either physical or chemical absorption. The former scheme effi-
ciently absorbs CO2 well at low temperature subjected to high pressure, while the
latter one effectively works on the basis of acid–base neutralization reaction using
caustic solvents. The preferred scrubbing solvents include aqueous alkanolamine
solutions (e.g., monoethanolamine, N-methyldiethanolamine, 2-amino-2-methyl-1-
propanol, piperazine) (David et al. 2011), imidazolium-based ionic liquids (Wappel
et al. 2010), Rectisol, Selexol, ammonia solutions, and fluorinated solvents (Mirzaei
et al. 2015). Significant drawbacks of aqueous alkanolamine solutions as adsorbents
for extensive CO2 capture include relative instability towards heating, high heat
capacity, material decomposition, and equipment corrosion.

Cryogenic distillation, separating CO2 on the basis of cooling and condensation,
seems to be more effective when the gas stream contains high CO2 concentration
(typically >90%) subjected to high pressures and is less suitable for dilute streams.
The advantage of this condensation-based CO2 separating technique is its capability
to directly produce liquid CO2 required for transportation purposes. Main drawbacks
of CO2 separation via cryogenic processes include large energy penalties for refrig-
eration and removal of some hygroscopic components before cooling the gas stream
to avoid blockages.

Adsorption-based gas separation has been well developed; the important consid-
eration for a particular separation involves the selection of a proper adsorbent
material. Despite the establishment of appropriate adsorptive materials for gas
separation and the availability of a wide variety of handy CO2-separating adsorbent
materials, still the performance optimization of the existing sorbent materials and
investigation of novel sorbents is needed. Typical solid adsorbents comprise silica
gel, activated carbons, activated alumina, zeolites, ion-exchange resins, metal
oxides, mesoporous silicates, and other surface-modified porous media (Sumida
et al. 2012). Recently developed CO2-separating sorbents include metal–organic
frameworks (MOFs), carbon fibers, and their composites. A recently designed
simple strategy is to convert metal–organic frameworks into controlled porous
carbon (Ferey et al. 2011; Li et al. 2016). In order to attain cost-effective CO2

separation, various adsorption methods can be implemented depending on sorbent
restoration methods. Commonly used regeneration methods include temperature
swing adsorption, pressure swing adsorption, vacuum swing adsorption, electric
swing adsorption, simulated moving bed, and purge displacement.

Gas separation via membranes is accomplished via principles of kinetics (phys-
ical size exclusion) and/or thermodynamics (chemical affinity/interaction between
gases and the membrane material) so as to allow some components to pass prefer-
entially through the membrane. Membranes find wide prospective applications in
post-combustion CO2/N2 separation and pre-combustion CO2/H2 capture. A wide
range of various membrane materials and processes have already been applied on
large industrial scale, and other new materials have potential to implement for CO2

separation. When applied to CO2 capture on large scale, the cost and separation
efficiency of membrane-based technologies mainly depend on the cost of membrane
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materials themselves. Organic polymeric membranes and inorganic ceramic mem-
branes have already been applied in post-combustion CO2 separation from flue gas
streams. Although feasible in terms of cost, attaining an improved CO2 separation
efficiency using single-stage polymeric or ceramic membrane is not an easy task to
accomplish. Novel membrane materials still need to be developed to obtain the
required CO2 separation performance by membranes.

In addition to the aforementioned physical and chemical processes, some biolog-
ical methods have also been anticipated to capture CO2 (Benemann 1993). For
instance, bio-fixation of CO2 via algal in photo-bioreactors and via chemo-
autotrophic microorganisms using inorganic chemicals has also been investigated
to capture CO2 (Kwak et al. 2006).

The implementation of these techniques on industrial scale greatly depends on the
development of capturing materials. Maximizing the separation efficiency at mini-
mum cost coupled with transferring CO2-capture technology from laboratory to
harsh industrial conditions is the main challenge arising in the advancement of
these techniques and materials.

2.2.4 Performance Criteria for Carbon Capture Materials

The CO2-capture materials required for gas- and coal-fired power plants have led to
induce the rapid exploration of different types of materials to date. Depending on the
definite structure of power plant along with the specific type of CO2 capture
technique, several finely tunable performance parameters need to be considered
while developing such materials. Appropriate optimization of these parameters
helps to reduce the cost and energy penalty of CO2 capture processes, thus facilitat-
ing extensive application subjected to different scenarios.

High selectivity for CO2 over other gases is the most critical performance
parameter for any CO2 capture material to ensure complete removal of CO2 contents
from the flue gas. Ratio of CO2 uptake to the detention of any other gas (typically
nitrogen for post-combustion capture and hydrogen for pre-combustion) is charac-
terized as CO2 selectivity over that gas. Size-based kinetic separation and
adsorption-based thermodynamic separation are two dominant mechanisms which
give rise to selectivity. Selectivity based on kinetic separation owes to small pores
present within membrane structure which allow only smaller molecules to diffuse
into the pores, thus separating the molecules based on size difference. In case of
post-combustion CO2/N2 separation, the controlled gas diffusion through mem-
branes’ structure demands tiny pores owing to comparable kinetic diameters of
CO2 and N2 molecules as displayed in Table 2.1. Selectivity based on thermody-
namic adsorption occurs due to the preferential affinity of membrane surface for CO2

molecules over other constituents of the gas mixture. The specific gas–membrane
interaction owes to unique physical properties like polarizability/quadrupole
moment of adsorbing gas molecules, which in turn elevates the adsorption enthalpy
of certain molecules as compared to others. Incorporating charged groups, for
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instance, exposed metal cations or polar organic substituents can further improve the
selectivity due to polarizability difference of various molecules (Li et al. 2009).

Also the chemical affinity of the capturing material for CO2 molecules needs to be
optimized to lower the energy requirements for its capture. The stronger the
material–CO2 interaction, the higher the energy penalty for desorption of captured
CO2, while the weaker the interactions between material and CO2 molecules, the
lesser the regeneration cost but at the expense of low selectivity for CO2 over other
flue gas components. In addition, the capturing material should be highly stable
under the operating conditions of capture and regeneration so as to increase the
lifetime of the separation plant. Furthermore, since huge volumes of CO2 need to be
captured from the flue gas, CO2 take-up of the material should be high so as to
minimize the volume of membrane material.

As discussed previously, since none of the aforementioned materials satisfy all of
the separation performance criteria, there is an urgent need to develop novel mate-
rials which can fulfill all the requirements for efficient CO2 capture. Mixed-matrix
membranes filled with microporous metal–organic frameworks and/or nanomaterials
offer an opportunity to develop next-generation optimized materials for real-world
applications to capture CO2. Nonetheless, other kinds of adsorbent materials are also
advantageous provided they are optimized to fulfill many of the performance criteria
stated above.

2.3 Carbon Capture via Mixed-Matrix Membranes

2.3.1 Metal–Organic Frameworks

During the past decade or so, the synthesis, development, characterization, and
applications of a novel class of crystalline porous materials called metal–organic
frameworks (MOFs) or three-dimensional porous coordination polymers (PCPs)
have been extensively studied to efficiently capture CO2 from flue gases on account
of their high porosity, high gas adsorption capacity, large surface area, tunable pore
sizes, and chemical and structural tunability (Kitagawa and Matsuda 2007; Maji and
Kitagawa 2007; Stock and Biswas 2012). Metal–organic framework structures are
constructed via reticular synthesis by bridging metal-containing nodes (single ions or
clusters) with organic ligands through strong coordination bonds to build a one-,
two-, or three-dimensional porous crystalline network (Zhou et al. 2012; Furukawa
et al. 2013). Topographically and geometrically well-established strong framework
structures of metal–organic frameworks let the encompassed guest species to eject,
resulting in perpetual porosity. Structurally, metal–organic frameworks can be
flexible or rigid: owing to their dynamic frameworks, the former type responds to
outside stimulus like temperature, pressure, and guest molecules, whereas later type
generally possesses tough established permanent porous structures like activated
carbons and zeolites. Absolutely identical and fixed pore size throughout the entire
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framework structure is a unique feature of metal–organic frameworks as compared to
other porous materials.

The liberty to systematically link different combinations of organic linkers and
metal nodes has resulted in the development of thousands of metal–organic frame-
work materials in the recent years (Sumida et al. 2012). In addition to their abstract
design and actual synthesis to form porous crystalline structures by sensibly linking
different building blocks (Zhao et al. 2009; Yuan et al. 2010), the microporous
properties and structural features of metal–organic frameworks can be systematically
tuned by post-synthetic functionalizing methods (Wang and Cohen 2009) to opti-
mize the essential properties required for particular applications such as selective
capture of CO2. Highly porous metal–organic frameworks can be synthesized by
reacting organic linkers and metal salts using cold, hot, microwave, and solid-state
synthesis (Klinowski et al. 2011).

Standard synthesis methods are used to prepare MOFs by bridging metal-based
nodes through organic ligands to render a crystalline structure having permanent
porosity. A number of synthetic techniques under varying conditions of reagent
concentrations, reagent ratios, solvent formulations, temperatures, and reaction times
have been widely used in the recent years to get the required material (Dey et al.
2014). Slight change in all of these operating conditions plays a vital role to optimize
the production of MOF materials. Novel synthesis techniques such as
electrosynthetic deposition (Li and Dinca 2011), sonication-assisted synthesis
(Thompson et al. 2012), microwave heating (Wu et al. 2014; Burgaz et al. 2019),
dry-gel synthesis (Das et al. 2016), sonochemical methods (Hassanpoor et al. 2018),
and mechanochemical methods (Klimakow et al. 2010) have also been used to
prepare these porous structures. To access all the available surface area and pore
volume of MOFs, the void spaces within the pores occupied by solvent molecules
are removed by heating under vacuum.

Metal–organic frameworks find numerous applications in molecular gas separa-
tion and sequestration, heterogeneous catalysis, drug delivery, super capacitors, fuel
cells, and catalytic conversions (Yaghi et al. 2003; Allen et al. 2013). Owing to their
large surface areas, adjustable pore surface properties, controllable pore sizes, and
prospective scalability to industrial scale, metal–organic frameworks are considered
to be the best adsorbents or membrane materials for CO2 capture and sequestration.

2.3.2 Polymer Membranes

Polymer membranes find carbon-capture applications in numerous industrial gas
separation processes for the last few decades (Koros and Mahajan 2000; Ohlrogge
and Stürken 2001; Baker 2002). They are used to (i) treat natural gas (CO2/CH4

separation), (ii) recover and isolate hydrogen (CO2/H2 separation), (iii) enrich
oxygen from air (CO2/O2 separation), and (iv) enrich nitrogen from air (CO2/N2).
Vapor recovery (gas recovery from buried waste), monomer recovery (C2H4/N2,
C3H6/N2 or olefin/paraffin separation), polar molecules removal from equilibrium
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reactions, and organic solvents dehydration (solvent/H2O separation) are other
processes where polymer membranes are being extensively applied.

Owing to its unique and unparallel characteristic features, membrane-based
separation technology finds great potential in CCS in contrast to conventional carbon
capture processes. Main advantages of membrane-based separation process over
other techniques are (i) low capital and operating costs, (ii) compactness and light
weight, (iii) low energy requirement, (iv) simple design, (v) relatively easy fabrica-
tion of commercial modules, (vi) ease of scalability, (vii) stability at high pressures,
(viii) high mechanical and chemical resistances, (ix) ability to integrate multi-
processes in single unit, and (x) ease of transportation to remote areas (Basu et al.
2010a).

Membranes rendering gas separation performance close to or above the Robeson
2008 upper bound are considered to be more interesting with respect to economy and
technology (Robeson 2008). Pure organic polymer membranes exhibit relatively low
gas permeability and selectivity as compared to porous inorganic membranes as
shown in Fig. 2.3. Bare polymer membranes can approach but rarely exceed the
Robeson upper bound limit. Gas separation performance of polymer membranes
needs to be optimized in terms of permeability and selectivity of concerned gas. Gas
separation performance of membranes can significantly be improved by developing
novel materials as well as introducing advanced fabrication processes to fulfill future
demands and challenges related to global warming issues.

Fig. 2.3 Schematic representation of 1991 and 2008 Robeson trade-off curves between perme-
ability of preferentially permeating CO2 gas and its selectivity over less permeating gas like N2 in
nonporous membranes (Robeson 2008)
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2.3.3 Inorganic Membranes

Owing to their high permeability and selectivity, inorganic membranes are devel-
oped from porous inorganic materials like ceramics (Smart et al. 2010), carbon
(Ismail and David 2001), zeolites or perovskites (Caro and Noack 2008), metal
oxides (Basu et al. 2010b), metal–organic frameworks (Gascon et al. 2012), metals
and their alloys (Ockwig and Nenoff 2007), and glass (Strathmann 2012).
Depending on their pore structure and size, inorganic membranes can be broadly
classified into porous and nonporous (dense) membranes. Morphology of micropo-
rous inorganic membranes can be crystalline or amorphous.

As compared to polymer membranes, inorganic membranes (like zeolite mem-
branes) have the advantages of high gas permeability and selectivity, excellent
thermal and chemical stabilities, good erosion resistance, and high porosity. Com-
plex fabricating steps (e.g., substrate treatment, selective layer deposition, controlled
pyrolysis, maintaining inert atmosphere, etc.), reduced reproducibility, less stability,
low mechanical resistance, difficult scaling up, and high fabrication cost of inorganic
membranes make their fabrication difficult as compared to polymer membranes
(Saracco et al. 1999; Strathmann 2012).

2.3.4 Mixed-Matrix Membranes

Inadequacies of both inorganic and polymeric membranes can be compensated and
their valuable properties exploited by developing nanomaterial-doped polymer-
based mixed-matrix membranes (MMMs) since the properties of both phases
directly affect their gas separation performance. Mixed-matrix membranes are
fabricated by incorporating nanoparticles of inorganic filler(s) (discrete phase) into
a thermoplastic glassy or rubbery polymeric matrix (continuous phase) (Fig. 2.4).

Fig. 2.4 Schematic illustration of a mixed-matrix membrane composed of organic polymer matrix
(continuous phase) filled with two different types of inorganic nanofillers (dispersed phase) existing
in various possible shapes and sizes
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Salient features of fabricating mixed-matrix membranes by doping conventional
fillers and/or microporous nanofillers into thermoplastic polymer matrix are the
ability to combine the easy and low-cost fabrication, better mechanical strength
and chemical resistance of polymers with the improved gas separation efficiency,
tunable surface functionalities, and high surface areas of mesoporous nanomaterials
(Jeazet et al. 2012). As compared to inorganic membranes, nanomaterials-filled
polymer-based mixed-matrix membranes can be economically fabricated and/or
easily functionalized to render high surface area membranes possessing improved
mechanical, chemical, physical, and thermal properties to withstand harsh environ-
mental conditions. Owing to synergistic effect of combining polymers and
nanofillers, mixed-matrix membranes afford an opportunity to achieve gas separa-
tion performance closer to Robeson upper bound limit for polymer membranes
(Robeson 2008). Good compatibility and effective interfacial adhesion between
polymer and filler phases are the prerequisite to make faultless void-free membranes.
Other challenges associated with mixed-matrix membranes which need to be
addressed include large-scale fabrication, relatively high cost, and occasional fragil-
ity as compared to their pure polymer counterparts.

Since their inception in the 1980s, remarkable advancement has been made to
improve gas separation performance of mixed-matrix membranes in the last few
decades (Chung et al. 2007). A variety of glassy polymers have been filled with
inorganic fillers (e.g., mesoporous silicas, carbon nanotubes, layered silicates, acti-
vated carbons, metal oxides, zeolites, nonporous solids, etc.) to develop various
mixed-matrix membranes (Bae et al. 2010; Zimmerman et al. 1997; Zornoza et al.
2009, 2011a, 2013). The trend of selecting filler material has recently switched to
more sophisticated novel microporous nanostructured materials called metal–organic
frameworks (MOFs) as prospective nanofillers to be incorporated into polymers to
fabricate efficient carbon capture mixed-matrix membranes (Galve et al. 2011).
Metal–organic frameworks not only possess high internal porous structure, pore
volume, and surface area, but also their chemical nature can precisely be tailored
by choosing suitable organic linkers and/or via post-synthetic functionalization
techniques. All these characteristic features of metal–organic frameworks make
them the foremost carbon-capture materials for a sustainable world.

Right selection of metal–organic framework organic linkers as well as polymer
matrix plays a key role to improve the compatibility and adhesion at framework–
polymer interface by eliminating boundary imperfections between two phases. Low
interfacial compatibility between filler and polymer phases can lead to the formation
of nonselective voids at their interface, thus affecting the gas separation performance
of fabricated mixed-matrix membranes. Separation efficiency of membranes can
further be enhanced by optimizing the fabrication conditions, rheological properties
of dope solution, concentration, phase morphology, wettability, and shape and size
of the incorporated filler particles. Some proposed guidelines and criteria regarding
material selection and fabrication procedures can help to successfully prepare high-
performance membranes (Zimmerman et al. 1997; Mahajan and Koros 2000).

Separation performance of membranes can be evaluated in terms of Robeson
upper bound plot (Fig. 2.3) which is a trade-off between permeability of key gas
(e.g., CO2) and selectivity of that gas with respect to another gas (e.g., N2) subjected
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to standardized experimental conditions. CO2 separation performance acquired from
metal–organic framework-filled polymer-based mixed-matrix membranes is capable
to exceed Robeson upper bound limit for most of the CO2-enriched industrial
effluent gas streams.

2.4 Metal–Organic Framework- and Nanomaterials-Based
Mixed-Matrix Membranes for Carbon Capture

Metal–organic frameworks (MOFs), a special class of porous materials, find poten-
tial applications in carbon capture processes. Gas separation performance of contin-
uous membranes made from pure metal–organic framework materials has not been
found appealing except for few metal–organic frameworks (Yoo et al. 2009; Guo
et al. 2009; Ranjan and Tsapatsis 2009; Venna and Carreon 2010; McCarthy et al.
2010; Zou et al. 2011). Their low separation efficiency can be ascribed to various
factors such as the presence of open channels and morphological defects in mem-
brane structure as well as undesirable orientation and deformation of metal–organic
framework crystals. Essential carbon capture potentialities of metal–organic frame-
works can be exploited by incorporating them into polymer matrices to fabricate
mixed-matrix membranes.

2.4.1 General Considerations in Preparation
of Mixed-Matrix Membranes

Owing to their significant advantages over other conventional porous materials, a
large number of metal–organic frameworks have been incorporated into various
glassy and rubbery polymers to prepare efficient carbon capture mixed-matrix
membranes (Noble 2011). For instance, the presence of organic linkers and func-
tionalities on metal–organic frameworks structure render high affinity towards
polymer chains as compared to other inorganic fillers. Good affinity between
polymer chains and metal–organic framework particles helps to suppress the forma-
tion of void spaces at framework-polymer interfaces, thus improving gas selectivity.
In addition, metal–organic framework cavities can be finely tuned by adjusting their
pore size, shape, and chemical functional groups either by choosing suitable ligands
during synthesis (Gascon et al. 2009) or by post-synthesis functionalization (Wang
and Cohen 2009). Furthermore, metal–organic frameworks have higher internal pore
volume and lower bulk density in contrast to other conventional fillers, thus resulting
in overall reduced weight of prepared membranes.

Mixed-matrix membranes can be fabricated by the same techniques as those
employed for preparation of bare polymer membranes. Different lab-scale methods
to prepare mixed matrix membranes are schematically illustrated in Fig. 2.5.
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Polymer-based mixed-matrix membranes containing nanofillers can be fabricated by
following either of the three main routes: (i) homogeneous dispersion of nanofiller
particles into a suitable solvent followed by addition of polymer (Ismail et al. 2008;
Guo et al. 2015; Shen et al. 2016); (ii) dissolution of polymer into a solvent followed
by addition of nanofiller particles into the polymer solution (Kim et al. 2007; Ahn
et al. 2008); and (iii) separate dissolution of polymer and nanofiller particles in the
solvent followed by mixing the two suspensions (Sarfraz and Ba-Shammakh 2018c).
Polymer solution containing nanofillers acquired from either of the aforementioned
routes can be used to fabricate mixed-matrix membranes via solution casting or spin
coating method. Solvent from the prepared membranes can be removed by evapo-
ration and vacuum drying at different temperatures.

Gas separation performance of metal–organic framework-filled mixed-matrix
membranes, with reference to the corresponding pure polymer membranes, is
assessed in terms of CO2 permeability and CO2/N2 selectivity. Majority of glassy
and rubbery polymers have been filled with various metal-organic frameworks and
nanomaterials in order to design efficient composite membranes rendering improved
gas permeation properties as compared to their pure polymer membranes. Main
polymer matrices in combination with different metal-organic frameworks and other
nanomaterials used to prepare mixed-matrix membranes are described in this section
and summarized in Table 2.2.

Fig. 2.5 Schematic illustration of lab-scale fabrication methods to prepare mixed-matrix mem-
branes composed of organic polymer matrix and inorganic nanofiller
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2.4.2 Polysulfone-Based Mixed-Matrix Membranes

Microporous metal–organic framework Cu-BTC or HKUST-1 having chemical
formula Cu3(benzene-1,3,5-tricarboxylate)2(H2O)3 has been intensively studied in
the preparation of mixed-matrix membranes due to its thermal stability up to 240 �C
(Venna and Carreon 2010; McCarthy et al. 2010). Physisorption of gas molecules to
copper metal-sites leads to high CO2 adsorption under a pressure of few bars. Mixed-
matrix membranes prepared by incorporating varying amounts of HKUST-1 into
glassy polymer polysulfone (PSF) imparted gradual improvement in CO2 perme-
ability with raising HKUST-1 loading up to 10 wt %. Composite membrane filled
with 5 wt % HKUST-1 depicted an optimized ideal CO2/N2 selectivity compared to
pure polysulfone membrane. Further increase in HKUST-1 loadings resulted in
reduced CO2/N2 selectivity.

Zeolitic imidazolate framework (ZIF)-based mixed-matrix membranes have been
prepared by incorporating mesoporous ZIF-8 particles into polysulfone matrix to
assess their CO2 permeation properties by gas permeation experiments (Gong et al.
2017). Addition of ZIF-8 into polysulfone resulted in significant improvement in
CO2 permeability due to increase in gas diffusion and solubility within the mem-
brane structure.

Addition of water stable ZIF-301 into polysulfone matrix significantly improved
CO2 permeation properties of resulting composite membranes (Sarfraz and
Ba-Shammakh 2016a). As compared to CO2 permeability of 6.3 Barrer and CO2/
N2 ideal selectivity of 26.3 for bare polysulfone membrane, the CO2 permeability of
ZIF-301/PSF mixed-matrix membrane was increased to 21.4 Barrer at the expense of
reduced CO2/N2 ideal selectivity dropping to 22.7 for 40% filler loading. The
improved gas separation performance can mainly be attributed to chabazite-type
structural topology of ZIF-301 nanocrystals showing great chemical affinity for
quadrupolar CO2 molecules as compared to nonpolar N2 molecules.

Addition of water stable ZIFs such as ZIF-300 and ZIF-302 into commercial grade of
polysulfone, namely, Ultrason® (US), greatly enhanced CO2 permeation properties of
resulting membranes (Sarfraz and Ba-Shammakh 2018a; Sarfraz and Ba-Shammakh
2018b). In contrast to CO2 permeability of 6.2 Barrer and CO2/N2 ideal selectivity of
26.1 for neat Ultrason® membrane, the CO2 permeability of ZIF-300/Ultrason® and
ZIF-302/Ultrason® mixed-matrix membranes was found to 27.8 and 13.2 Barrer,
respectively, with corresponding CO2/N2 expected selectivities of 26.1 and 32.1 for
40% filler loading in each case. Enhanced gas separation performance can largely be
ascribed to chabazite-type structural topology of ZIF particles showing high chemical
affinity for CO2 molecules as compared to N2 molecules.

Different combinations of metal–organic frameworks, e.g., HKUST-1 and ZIF-8,
and zeolites, e.g., silicate-1 (S1C), were synergistically added to polysulfone matrix
to prepare a variety of mixed-matrix membranes to investigate separation perfor-
mance of CO2/N2 gas mixture (Zornoza et al. 2011a). In contrast to CO2 permeabil-
ity of 5.9 Barrer for pure polysulfone membrane, the CO2 permeability of composite
membranes doped with only one filler such as S1C/PSF, HKUST-1/PSF, and ZIF-8/
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PSF mixed-matrix membranes were raised to 9.4, 9.5, and 12.2 Barrer, respectively,
with corresponding CO2/N2 selectivities of 23, 24, and 19. On the contrary, mixed-
matrix membranes filled with two fillers having total loading of 16 wt % demon-
strated significant improvement in CO2 permeability due to synergetic effect of
adding both fillers. Both the CO2 permeability and CO2/N2 selectivity of HKUST-
1/S1C/PSF mixed-matrix membrane were increased to 8.4 Barrer and 38, respec-
tively. CO2 permeability of composite membrane containing S1C and ZIF-8 fillers
was increased to 7.6, but the CO2/N2 selectivity was dropped to 14.4. Addition of
fillers into polysulfone matrix widens the polymer inter-chain spacing and increases
its free volume, thus resulting in an improvement of permeation properties of
composite membranes. In addition, different surface chemistry of the fillers leads
to their proper distribution and good adhesion with the polymer matrix.

Collegial impact of adding nanoparticles of water-stable ZIFs such as ZIF-301
and ZIF-302 along with carbon nanotubes (CNTs) into polysulfone matrix leads to
improve CO2 separation performance of fabricated membranes (Sarfraz and
Ba-Shammakh 2016b; Sarfraz and Ba-Shammakh 2018c). As compared to CO2

permeability of 6.4 Barrer determined for bare polysulfone membrane, the CO2

permeability of ZIF-301/CNTs/PSF composite membrane was promoted to 19 Barrer
with corresponding ideal CO2/N2 selectivity of 48 when filled with an optimal
loading of 6 wt % carbon nanotubes and 18 wt % ZIF-301 nanoparticles. CO2

permeability and ideal CO2/N2 selectivity of ZIF-302/CNTs/PSF hybrid membrane
containing 8 wt % carbon nanotubes and 12 wt % ZIF-302 were improved to
18 Barrer and 35, respectively. Smooth internal pores of carbon nanotubes resulted
in an improvement of CO2 permeability, whereas the high affinity of amine-
containing ZIF-302 nanocrystals for quadrupolar CO2 molecules as compared to
nonpolar N2 molecules resulted in high CO2/N2 selectivity. Gas permeation exper-
iments performed under wet conditions did not influence CO2 permeability and CO2/
N2 ideal selectivity.

CO2 separation performance of water-stable composite membranes was substan-
tially improved due to harmonious interaction of hydro-stable ZIF-300 nanoparticles
and graphene oxide (GO) nanosheets synergistically added to Ultrason® (US) matrix
(Sarfraz and Ba-Shammakh 2018d). In contrast to pure Ultrason® membrane, values
of both the CO2 permeability and CO2/N2 ideal selectivity were improved by almost
three times when filled with an optimum loading of 30 wt % ZIF-300 nanoparticles
and 1 wt % graphene oxide nanosheets in ZIF-300/GO/US composite membranes.
Again the gas permeation properties were not affected by performing experiments
under moist conditions.

High-performance membranes offering excellent enhancement both in CO2 perme-
ability and CO2/N2 selectivity were prepared by synergistically incorporating highly
selective nanosheets of graphene oxide (GO) in combination with hydro-stable
ZIF-301 or ZIF-302 in polysulfone matrix (Sarfraz and Ba-Shammakh 2016c, d).
CO2 permeability and CO2/N2 ideal selectivity of ZIF-301/GO/PSF mixed-matrix
membrane containing 30 wt % ZIF-301 nanoparticles and 1 wt % graphene oxide
nanoplates were respectively increased by almost 4 and 3 times as compared to bare
polysulfone membrane. As compared to bare polysulfone membrane, both the
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CO2 permeability and CO2/N2 ideal selectivity were doubled for ZIF-302/GO/PSF
mixed-matrix membrane filled with an optimum loading of 1 wt % graphene oxide
nanoplates and 30 wt % ZIF-302 nanoparticles under dry and wet experimental
conditions. High chemical affinity of ZIF-302 nanocrystals for CO2 as compared to
N2 resulted in an increase in CO2 permeability. The layered structure of graphene
oxide nanosheets generated sieving effect allowing smaller CO2 molecules to pass
through the membrane while rejecting relatively larger N2 molecules, consequently
improving ideal CO2/N2 selectivity.

2.4.3 Polyimide-Based Mixed-Matrix Membranes

Carbon capture performance of composite membranes prepared by incorporating
microporous crystalline metal–organic framework Cu-HFS-BIPY (4,40-bipyridine-
hexafluorosilicate copper(II)) into glassy polyimide Matrimid® matrix was assessed
in terms of CO2 permeability and CO2/N2 ideal selectivity by performing permeation
experiments on single gases (Zornoza et al. 2011b). As compared to pure Matrimid®

membrane, the CO2 permeability through fabricated mixed-matrix membranes was
considerably enhanced while ideal CO2/N2 selectivity was dropped due to the
addition of Cu-HFS-BIPY crystals into Matrimid®.

Various hybrid membranes based on HKUST-1 (Cu3(BTC)2) were fabricated by
adding microporous crystals of HKUST-1 either to pure Matrimid® or to a
Matrimid®/polysulfone blend in 3:1 ratio by weight (Basu et al. 2010b, 2011).
Mixed-gas permeation experiments performed over CO2-N2 binary gas mixtures
containing 10–75 vol % CO2 showed noticeable improvement in CO2 permeance
and CO2/N2 selectivity with filler loading as compared to unfilled membranes made
from pure Matrimid® or Matrimid®/polysulfone blend. On adding 30 wt % HKUST-
1 crystals in each case, CO2 permeance of bare Matrimid®membrane increased from
10 GPU to 18 GPU, while that of the blend membrane raised from 7 GPU to 12 GPU
as measured at 35 �C under 10 bar for a 35/65 vol % CO2-N2 binary gas mixture.
Improved gas permeation taking place via diffusion mechanism can be assigned to
higher chain mobility as well as pore volume expansion due to addition of porous
HKUST-1 crystals.

CO2 separation performance of polyetherimide (PEI) Ultem® 1000 matrix can
significantly be improved by adding metal–organic framework MIL-53 and its
amino-functionalized derivative NH2-MIL-53 (Zhu et al. 2017). As compared to
non-functionalized MIL-53, loading levels of functionalized NH2-MIL-53 crystals
as high as 15 wt % can be added to Ultem® 1000 matrix most probably due to the
formation of hydrogen bonding between imide groups available on Ultem® 1000
matrix and amine groups present on MIL crystals. Functionalized MIL-53 rendered
outstanding gas permeance properties: as compared to CO2 permeance of 12.2 GPU
and CO2/N2 ideal selectivity of 25.4 for bare Ultem® membrane, CO2 permeance
and CO2/N2 ideal selectivity were respectively raised to 30.9GPU and 34.7.
Solution-diffusion mechanism of gas transport through prepared composite
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membranes helped to increase CO2 permeance and decrease CO2/N2 selectivity with
increasing temperature.

High-performance membranes, rendering outstanding improvement in CO2 per-
meability and CO2/N2 ideal selectivity as compared to pristine sulfonated poly(ether
ether ketone) (SPEEK) membrane, can be prepared by incorporating water-stable
MIL-101 crystals immobilized in PEI matrix (Xin et al. 2015). These hydro-stable
mixed-matrix membranes, in contrast to bare SPEEK, showed a remarkable increase
in CO2 permeability and CO2/N2 selectivity for 40% loading of MIL-101 crystals.
High loading levels of MIL-101 crystals in SPEEK matrix are achievable due to
good adhesion and compatibility between MIL-101 particles and polymer chains in
the resulting mixed-matrix membranes. SPEEK/PEI@MIL-101(Cr) mixed-matrix
membranes showed outstanding long-term stability and very high CO2 permeabil-
ities as compared to other metal–organic framework-based mixed-matrix mem-
branes (Robeson 2008).

Mixed-matrix membranes fabricated by addition of MIL-53(Al) crystals with
different morphologies to Matrimid® matrix displayed improved CO2 permeance in
contrast to pure Matrimid® membrane (Sabetghadam et al. 2016). Gas permeation
properties of composite membranes comprising 5–20 wt % of MIL-53(Al) crystals
were tested by performing gas permeation experiments. CO2 permeance through
prepared membranes considerably improved with increasing loadings of all three
types of MIL-53(Al).

Composite membranes prepared by exclusive incorporation of light-responsive
JUC-62 and PCN-250 metal–organic frameworks into Matrimid® matrix were
investigated to determine their post-combustion carbon capture performance by
conducting gas permeation experiments on a custom-designed membrane testing
cell (Prasetya et al. 2018). As compared to most of the available metal–organic
framework-Matrimid® mixed-matrix membranes, CO2 permeability and CO2/N2

ideal selectivity of Matrimid®-based mixed-matrix membranes containing 15wt %
of light-responsive metal–organic frameworks were significantly improved. Assess-
ment of their long-term separation performance indicated that mixed-matrix mem-
branes fabricated by adding both types of metal–organic frameworks were able to
sustain their permeation properties for a month except Matrimid®-based composite
membrane containing 10wt % PCN-250 filler for which CO2 permeability was
observed to decrease slightly.

Glassy polyimide PMDA-ODA, made by combining PMDA (pyromellitic
dianhydride) and ODA (4,40-oxydianiline) together, was filled with microporous
crystals of HKUST-1 to fabricate CO2-separating hybrid membranes (Hu et al.
2010). Owing to homogeneous filler dispersion and good interfacial adhesion
between polymer and filler phases, the prepared membranes were able to be spun
into hollow fibers via dry/wet spinning method. Single-gas permeation experiments
performed over prepared membranes at 25 �C and 1 MPa indicated significant
improvement in CO2 permeance as well as CO2/N2 ideal selectivity of PMDA-
ODA/HKUST-1 hollow-fiber membranes with increasing HKUST-1 loading as
compared to pristine PMDA-ODA membrane.

High-performance membranes obtained by evenly distributing nanocrystals of
ZIF-94 within a highly permeable polyimide 6FDA-DAM
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(4,40-hexafluoroisopropylidene diphthalic anhydride- diaminomesitylene) matrix
displayed high potential for post-combustion CO2 capture applications (Benavides
et al. 2018). In contrast to pure 6FDA-DAM membrane, the prepared composite
membranes filled with ZIF-94 nanocrystals exhibited significant improvement in
CO2 permeability without affecting CO2/N2 permselectivity as established by
mixed-gas (CO2:N2:: 15:85) permeation experiments performed at 298 K subjected
to a transmembrane pressure difference of 1–4 bar. Addition of ZIF-94 nanoparticles
into 6FDA-DAM polymer substantially increased CO2 permeability while uphold-
ing a fixed CO2/N2 permselectivity of about 22. CO2 permeability of fabricated
mixed-matrix membrane was almost doubled when the polymer was loaded with
40 wt% ZIF-94 nanocrystals.

Mixed-matrix membranes consisting of 6FDA-Durene (4,4-
0-hexafluoroisopropylidene diphthalic anhydride-2,3,5,6-tetramethyl-1,3-
phenyldiamine) matrix were fabricated by incorporating microparticles of
HKUST-1 immobilized with thin layer of ionic liquid (Lin et al. 2016). Thin-
layered coating of ionic liquid on HKUST-1 particles helped to improve metal–
organic framework–polymer affinity in membrane structure by eliminating
nonselective voids at polymer–filler interface. The role of ionic liquid as a binder
promoted metal–organic framework–liquid and liquid–polymer interactions, which
improved the overall metal–organic framework/polymer interfacial adhesion and
restricted the creation of nonselective voids at metal–organic framework/polymer
interface. Both CO2 permeability and CO2/N2 selectivity of (6FDA-Durene)-based
mixed-matrix membranes filled with liquid-coated HKUST-1 particles were signif-
icantly improved in comparison to (6FDA-Durene)-based mixed-matrix membranes
filled with uncoated HKUST-1 particles.

Mixed-matrix membranes fabricated by incorporating varying loadings of micro-
porous ZIF-8 crystals into cross-linked 6FDA-Durene significantly improved CO2

permeability as measured by single gas permeation experiments performed at 35 �C
and 3.5 bar (Wijenayake et al. 2013). As compared to unfilled 6FDA-Durene
membrane, CO2 permeability of 6FDA-Durene-based composite membrane com-
prising 33.3 wt % ZIF-8 crystals was almost doubled with slight increase in CO2/N2

selectivity.
Hybrid membranes based on polyimide 6FDA-Durene diamine were prepared by

filling it with varying loadings of inorganic crystals of ZIF-8 (Nafisi and Hägg 2014).
Permeation properties of CO2 and N2 gases through fabricated composite mem-
branes were determined by performing experiments on single as well as mixed gas
feed streams. Single gas (CO2 or N2) permeation tests were carried out at two
different upstream pressures of 2 and 6 bar, while CO2/N2 gas mixture was tested
at an upstream pressure of 2.6 bar. Uniform distribution of ZIF-8 crystals in polymer
matrix, as corroborated by SEM micrographs, leads to considerable improvement in
CO2 permeability from 1468 Barrer for unfilled polymer membrane to 2185 Barrer
for composite membrane containing 30 wt% ZIF-8 particles for a feed pressure of
2 bar. CO2/N2 selectivity of mixed-matrix membranes filled with ZIF-8 crystals was
slightly dropped due to broadening of void spaces of membrane structure.
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The effect of functionalization of graphene oxide (GO) on gas permeation
properties of polyimide-based membranes was assessed by testing hybrid mem-
branes prepared by doping polyimide (PI) matrix with pristine and aminated
graphene oxide nanosheets (Ge et al. 2018). Pristine GO/PI mixed-matrix mem-
branes were fabricated by conventional solution casting method, while amine-
functionalized GO/PI mixed-matrix membranes were prepared via novel in situ
polymerization method. Aminated GO/PI mixed-matrix membranes were prepared
by dispersing ethylenediamine-functionalized graphene oxide nanoplates into
polyimide precursor (poly(amic acid) solution) followed by chemical imidization.
Use of in situ polymerization technique improved graphene oxide–polyimide inter-
facial interaction as well as homogeneous distribution of graphene oxide nanoplates
dispersion in polyimide matrix as indicated by SEM micrographs. As compared to
pristine GO/PI mixed-matrix membranes, both CO2 permeability and CO2/N2 selec-
tivity of aminated GO/PI mixed-matrix membranes were drastically improved due to
the presence of amino groups on functionalized graphene oxide nanosheets. Owing
to their intrinsically basic nature, amino groups have high affinity for quadrupolar
acidic CO2 molecules over nonpolar N2 molecules, which results in considerable
improvement in solubility and permeability of CO2 gas molecules. Maximum CO2

permeability of 12.3 Barrer and CO2/N2 selectivity of 38.6 were obtained for
composite membrane containing 3 wt% aminated graphene oxide nanosheets.

2.4.4 Polydimethylsiloxane-Based Mixed-Matrix Membranes

A flexible polymer membrane for carbon capture applications fabricated from pure
polydimethylsiloxane (PDMS) rubber rendered much improved CO2 separation
performance as compared to other polymer-based membranes (Sadrzadeh et al.
2010). Permeation, sorption, and diffusion properties of CO2 and N2 gases through
prepared membrane were analyzed at 35 �C under different feed-side pressures. The
fabricated membrane was found to be more permeable to CO2 as compared to N2.
Gas sorption and diffusion data obtained from permeation experiments were used to
estimate Flory–Huggins (FH) interaction parameters as well as coefficients of
diffusion and solubility.

Mixed-matrix membranes fabricated by adding different loadings of HKUST-1
into rubbery polymer polydimethylsiloxane showed considerable improvement in
CO2 permeability with slight increase in ideal CO2/N2 selectivity. CO2 separation
performance was decreased with further loading of the filler (Chui et al. 2007).

Clinoptilolite zeolites, in its different cationic forms such as H, Na, K, and Mg,
were incorporated in polydimethylsiloxane matrix to fabricate zeolite-based mixed-
matrix membranes for carbon capture applications (Oral 2018). Gas permeation
experiments indicated that incorporation of clinoptilolite into polydimethylsiloxane
significantly improved both CO2 permeability and CO2/N2 ideal selectivity as
compared to pure polydimethylsiloxane membrane. Furthermore the permeation
tests helped to determine the optimum loading of zeolite filler rendering maximum
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CO2 permeability through prepared membranes. CO2 permeability and CO2/N2

selectivity of the zeolite-filled mixed-matrix membranes were affected by the pres-
ence of different types of cationic forms of clinoptilolite filler.

Varying concentrations of multi-walled carbon nanotubes were incorporated into
polydimethylsiloxane rubber to fabricate high permeation composite membranes for
efficient CO2 separation (Silva et al. 2017). Gas permeation experiments performed
over CO2 and N2 gases indicated slight improvement in CO2/N2 ideal selectivity, as
compared to pure polydimethylsiloxane, but at the cost of reduced CO2 permeability
when filled with 1% carbon nanotubes. CO2 permeability kept on improving, while
CO2/N2 ideal selectivity continuously declined with increasing carbon nanotubes
contents up to 6.7 wt % due to enhanced gas transport through membrane structure
occurring via diffusion mechanism.

Copolymers comprising low permeable rigid glassy polyimide (major compo-
nent) and highly permeable rubbery polydimethylsiloxane (minor component) were
synthesized and cross-linked by CO2-philic ionic piperazinium groups (You et al.
2018). Membranes fabricated from cross-linked copolymers (xPIPDMSs) rendered
excellent CO2 permeability of about 800 Barrer and CO2/N2 permselectivity of
about 16. Incorporation of cross-linking piperazinium groups highly enhanced
thermochemical stability of copolymer membranes on account of their improved
resistance to CO2 plasticization.

Microporous inorganic silica (SiO2) nanoparticles were incorporated into rubbery
polydimethylsiloxane (PDMS) matrix to prepare PDMS-SiO2 composite mem-
branes (Ataeivarjovi et al. 2018). Experiments performed on prepared membranes
showed that an increase in silica contents from 1.5 to 3 wt % largely improved CO2

flux from 1.7 to 5.38 kg/m2�h while dropping CO2/N2 selectivity from 94 to 47. Best
CO2 separation performance of PDMS-SiO2 mixed-matrix membranes was achieved
when filled with 10 wt % silica nanoparticles. CO2 permeability was further
increased, at the expense of reduced CO2/N2 selectivity, by elevating the operating
temperature. The maximum permeability value of 8.17 kg/m2�h was attained at
40 �C for 10% contents of silica particles; correspondingly the CO2/N2 selectivity
was dropped to about 36. Inclusion of silica nanoparticles into polydimethylsiloxane
matrix to prepare PDMS-SiO2 mixed-matrix membranes improved both the CO2

separation performance and process economy in contrast to conventional gas strip-
ping process.

Separation efficiency of rubbery polydimethylsiloxane membranes to separate
CO2 from CO2–N2 mixtures was studied by performing gas permeation experiments
on a bench-scale membrane module which is capable to separate CO2–N2 binary gas
mixtures having 5–20% CO2 by volume (Russo et al. 2017). Permeation properties
of pure CO2 and N2 gases as well as their binary mixtures through
polydimethylsiloxane membrane investigated at different feed pressures, varying
compositions of feed gas, and using N2 as sweep gas indicated an average CO2

permeability of about 2950 Barrer. By varying the feed pressure in the range
1–2.4 bar, CO2 permeability was marginally changed. A maximum CO2/N2

permselectivity of 10.55 was obtained for a CO2–N2 binary mixture having 10%
CO2 by volume for a feed pressure of 1.8 bar. A real post-combustion flue gas
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produced by burning of natural gas was analyzed on a pilot-scale
polydimethylsiloxane membrane module to assess the potentiality of prepared
polydimethylsiloxane membrane system in carbon-capture applications.

2.4.5 Miscellaneous Polymer-Based Mixed-Matrix
Membranes

Mixed-matrix membranes consisting of low-Tg glassy polyvinylacetate (PVAc)
were prepared to attain a faultless void-free ideal morphology by resolving the
problem of non-ideal morphological behavior at microporous filler-polymer matrix
interface (Adams et al. 2010). In contrast to membrane fabricated from unfilled
PVAc matrix, mixed-matrix membranes prepared by incorporating microporous
crystals of metal–organic framework Cu(BDC) having chemical formula
(Cu3(benzene-1,4-dicarboxylate)2) into PVAc significantly improved their carbon
capture efficiency as established by gas permeation experiments performed at 4.5 bar
and 35 �C. 34% increase in CO2 permeability and 10% increase in CO2/N2 ideal
selectivity were obtained for PVAc-based composite membrane filled with 15 wt %
Cu(BDC) crystals. Improved metal–organic framework-polymer interfacial adhe-
sion and controlled pore size of metal–organic framework structure lead to improve
gas separation performance of fabricated membranes.

High-performance carbon-capture poly(vinyl chloride) (PVC)-based ultrafiltra-
tion composite membranes were developed by coating thin films of Pebax 1657
(poly(ether-block-amide)) and nanoparticles of hydrophobic/hydrophilic silica gel
(Khalilinejad et al. 2017). SEM micrographs confirmed successful deposition of
4-μm-thick nonporous faultless dense layer as well as homogeneous distribution
(up to 8 wt% loading) of silica nanoparticles in Pebax matrix. Increasing contents of
silica nanoparticles in polymer matrix resulted in an increased CO2 permeability and
ideal CO2/N2 selectivity as measured by gas permeation tests performed at 25 �C and
1 bar. Improved gas separation performance of prepared membranes can be associ-
ated with enhanced CO2 solubility governed by the chemical nature (hydrophilic and
hydrophobic) of silica nanoparticles dispersed in Pebax matrix. As compared to bare
Pebax membrane having CO2 permeability of 76 Barrer and ideal CO2/N2 selectivity
of 56, corresponding values of Pebax/PVC membrane containing 8 wt% contents of
hydrophilic silica nanoparticles were found to be 124 Barrer and 76, respectively.
CO2 permeability and ideal CO2/N2 selectivity of Pebax/PVC membrane filled with
8 wt% loading of hydrophobic silica nanoparticles were measured to be 107 Barrer
and 61, respectively. In addition, the gas separation performance of prepared com-
posite membranes was improved with increasing feed-side pressure (1–10 bar) due
to plasticization of membrane structure. Furthermore, increasing temperature
(25–50 �C) results in an increase in CO2 permeability and a drop in ideal CO2/N2

selectivity on account of increased polymer chain mobility.
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Polyurethane (PU)-based mixed-matrix membranes were prepared by incorpo-
rating different loadings of zeolite silicoaluminophosphate (SAPO-34) particles into
polyurethane matrix to explore permeation properties of CO2 and N2 gases
(Sodeifian et al. 2018). Increasing contents of SAPO-34 nanoparticles resulted in
improved ideal CO2/N2 selectivity with slight drop in CO2 permeability as indicated
by gas permeation tests carried out on PU/SAPO-34 mixed-matrix membranes filled
with 5, 10, and 20 wt% loadings of SAPO-34 filler. As compared to bare polyure-
thane membrane, 4.5% reduction in CO2 permeability, and 37.5% increase in CO2/
N2 selectivity was achieved by PU/SAPO-34 hybrid membrane containing optimum
loading (20 wt%) of SAPO-34 particles at a feed-side pressure of 12 bar.

Incompatibility issues arising at metal–organic framework–polymer interface in
mixed-matrix membranes structure can be resolved by grafting hyperbranched
chains of polyethyleneimine (PEI) and microporous nanocrystals of ZIF-8 at room
temperature to synthesize PEI-g-ZIF-8 nanoparticles via in situ synthesis technique
(Gao et al. 2018). PEI-g-ZIF-8 nanoparticles were deposited on poly(vinylamine)
(PVAm) substrate to develop high performance mixed-matrix membrane indicating
improved compatibility at PVAm/PEI-g-ZIF-8 interface. Owing to its aminated
nature and high pore volume, PVAm/PEI-g-ZIF-8 composite membrane rendered
a CO2 permeance of 1990 GPU and CO2/N2 permselectivity of 79.9 under a mixed-
gas (15% CO2/85% N2 by volume) feed pressure of 0.30 MPa.

High-performance CO2-selective composite membranes were prepared via solu-
tion casting method by incorporating different loadings of hydrophilic silica (SiO2)
nanoparticles into a mixed-polymer matrix that comprised poly(vinyl alcohol)
(PVA) and poly(ethylene glycol) (PEG) (Barooah and Mandal 2018). SiO2

nanoparticles synthesized through in situ sol–gel method were homogeneously
dispersed into PVA/PEG matrix due to good interfacial compatibility between
SiO2 nanoparticles and polymer matrix. Owing to better filler-polymer interaction,
incorporation of SiO2 nanoparticles into PVA/PEG matrix led to reasonable
improvement in CO2 separation performance. In contrast to bare PVA/PEG mem-
brane, CO2 permeability and CO2/N2 selectivity of PVA/PEG/SiO2 mixed-matrix
membranes containing 3.34 wt % SiO2 contents were improved by 78 and 45%,
respectively, at 100 �C subjected to set experimental conditions.

Exceptionally highly permeable pristine poly(1-trimethylsilyl-1-propyne)
(PTMSP) membrane finds limited application in carbon capture processes due to
low CO2/N2 selectivity and aging issues caused by its high internal free volume and
large void spaces. CO2 separation performance of bare PTMSP membrane can be
improved by preparing mixed-matrix membranes consisting of inorganic
nanoparticles incorporated in PTMSP matrix (Dai et al. 2018). CO2 separation
performance of composite membranes fabricated by doping PTMSP matrix with
different nanofillers (such as TiO2, ZIF-7, ZIF-8, and ZIF-L) was assessed by
performing mixed-gas permeation experiments in presence of water vapor in order
to imitate real flue gas situation. Permeation tests indicated that CO2 separation
performance of prepared membranes strongly depends on the type of filler added to
PTMSP matrix: the incorporation of ZIF-7, ZIF-8, and TiO2 nanofillers led to
improve CO2 permeability at the expense of reduced CO2/N2 permselectivity,
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while the addition of 2-dimensional microporous ZIF-L filler enhanced CO2/N2

permselectivity with reduced CO2 permeability.

2.4.6 Polymer-Based Asymmetric Composite Membranes

An asymmetric polydimethylsiloxane/polysulfone composite membrane was devel-
oped by dip coating of polydimethylsiloxane over polysulfone membrane via phase
inversion method (Suleman et al. 2016). Scanning electron microscopic (SEM)
images of developed membranes established asymmetric micro-structural morphol-
ogy of polysulfone membrane having dense polydimethylsiloxane coating layer over
it. Swelling resistivity of polydimethylsiloxane/polysulfone composite membrane
against water was improved in contrast to bare polysulfone membrane. CO2 sepa-
ration performance of asymmetric membrane was declined due to swelling effect as
assessed by permeation tests performed before and after swelling in the pressure
range of 2–10 bar.

Flat-sheet asymmetric polyetherimide (PEI) membranes prepared via phase
inversion method were used to efficiently separate CO2 from N2 (Ahmad et al.
2017). The membranes were synthesized by dissolving varying loadings (20, 25, and
30 wt %) of PEI matrix in N-methyl-2-pyrrolidone (NMP) solvent using water–
isopropanol as coagulant. Structural morphology of fabricated membranes was
examined via scanning electron microscopy (SEM). Single-gas permeation tests
conducted at 1 bar and 25 �C indicated that increasing PEI contents leads to
significant increase in CO2/N2 selectivity but at the expense of sharp drop in CO2

permeance. Maximum CO2 permeance of 1943 GPU was achieved for 20 wt %
loading of PEI, while maximum CO2/N2 selectivity of 10.8 was obtained at 30 wt %
PEI contents. Considerably high CO2/N2 selectivity of asymmetric membrane made
from commercial PEI resin makes it a valuable material for carbon capture
applications.

Asymmetric poly(ether block amide) (PEBA)-based composite membranes were
prepared to efficiently capture CO2 from flue gas (Liu et al. 2005). PEBA/PEI
composite membranes were developed by coating thin layer of highly selective
PEBA matrix on PEI-based microporous substrate available in the form of hollow
fibers. Gas permeation properties of fabricated membranes were assessed by intro-
ducing CO2/N2 mixed gas feed (15.3% CO2 and 84.7% N2 by volume) to pilot-plant
hollow fiber membrane modules designed to operate in different flow configurations.
The best CO2 separation performance in terms of product recovery and product
purity was achieved with counter current flow configuration with feed entering from
shell. Single-staged countercurrent flow membrane module operating at 23 �C under
a feed-side pressure of 790 kPa rendered a permeate stream comprising 62 mol %
CO2 with 20% CO2 recovery and a retentate stream containing 99.4 mol % N2 with
36% N2 recovery. As compared to permeance values obtained from permeation
experiments performed over CO2/N2 mixed-gas feed stream, permeance values of
CO2 and N2 assessed using pure gas feed streams were slightly reduced when
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operating at the same pressure. Counter current flow configuration with feed entering
from tube side was not found to be appropriate on account of possible issues related
to concentration polarization in microporous substrate as well as deformation of
membrane structure under high operating pressure.

High-performance facilitated transport membranes were fabricated by depositing
thin layer of polyethylenimine (PEI) on reverse osmosis (RO) membrane substrate
via aqueous self-assembly method (Sun et al. 2017). For an optimized PEI concen-
tration of 50 mg/L, the fabricated composite membranes exhibited maximum CO2

permeance and CO2/N2 selectivity. Systemic investigation performed over prepared
membranes in terms of pH of electrostatic-assembly, concentration of PEI matrix
and other working conditions suggested facilitated-transport and solution-diffusion
mechanisms for CO2 and N2, respectively, owing to presence of amine groups on
PEI molecules.

Efficient carbon-capture asymmetric composite membranes were developed by
depositing thin layers of polyhedral oligomeric silsesquioxane (POSS®)-doped
polyvinyl alcohol (PVA) matrix on polysulfone porous substrate (Guerrero et al.
2018). The deposited selective layer of nanocomposite membranes was prepared by
doping PVA matrix with POSS® nanoparticles functionalized with either amidine
(amidino POSS®) or lactamide (lactamide POSS®) groups. Functionalization of
POSS® nanoparticles reasonably improved polymer-particle compatibility as indi-
cated by Fourier-transform infrared spectroscopy. Increasing contents of POSS®

nanoparticles in PVA layer significantly improved crystalline regions as well as
inter-crystallites slippage as corroborated by differential scanning calorimetry and
dynamic mechanical analysis. Gas permeation tests indicated reduced CO2 perme-
ability and increased CO2/N2 selectivity with increasing feed-side pressure as well as
nanofiller loading. Permeation results suggest that the fabricated nonporous dense
membranes transport gas via solution-diffusion mechanism. As compared to
amidino POSS®-filled composite membrane, lactamide POSS®-filled composite
membrane results into reduced permeability on account of its strong interaction
with PVA matrix and enhanced degree of crystallinity.

2.5 Gas Transport Through Membranes

2.5.1 Membrane Separation Mechanisms

Disparity in chemical and/or physical properties of different gas molecules as well as
their dissimilar interaction with membrane material causes different gases to perme-
ate through the membrane structure at different rates. Difference in permeabilities of
different gases permeating through the membrane helps to separate a gas mixture
into its individual component gases. Depending on their chemical and physical
nature, molecular size and shape, and interaction with membrane material, gases
can be separated in membranes via different mechanisms. Size sieving, surface
diffusion, and Knudsen diffusion are the gas separating mechanisms operating in
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micro- or meso-porous membranes, while dense (nonporous) membranes separate
gases via solution–diffusion and/or facilitated transport separation mechanisms.

Size sieving mechanism functions well when membrane pore size is between the
molecular sizes of bigger and smaller gas molecules as illustrated in Fig. 2.6.
Controlled pore size permits smaller gas molecule to transport freely through it
while restricting larger ones to penetrate the membrane pore. Owing to its smaller
size, CO2 can effectively be separated from post-combustion flue gas via size sieving
effect. This is the most dominant gas separation mechanism operating in narrow-
pored microporous membranes used to separate gas molecules having dissimilar
molecular sizes, e.g., CO2/H2, CO2/N2, CO2/hydrocarbons mixtures, etc.

Surface diffusion is the dominant transport mechanism when a specific gas
component, owing to its high affinity for membrane material, preferentially adsorbs
on membrane surface as compared to other one. This results in higher concentration
of highly adsorbable gas component within membrane structure as compared to less
adsorbable gas component. Adsorbed gas molecules diffuse through the membrane
pores to be extracted on permeate side of membrane, thus resulting in higher
permeability of highly adsorbed gas component as compared to other one. Differ-
ence in permeabilities of high and low adsorbable gas components leads to the
separation of a gas mixture (see Fig. 2.7). This transport mechanism occurs in micro-
and meso-porous membranes to separate gas mixtures comprised of adsorbing and
non-adsorbing gas components such as CO2/He, CO2/H2, etc.

Gas separation via molecular weight-dependent Knudsen diffusion occurs when
the mean free path of gas molecules is larger than membrane pore size and/or low

Fig. 2.6 Schematic representation of gas separation via size sieving mechanism occurring through
narrow pores of micro-porous membranes
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Fig. 2.7 Schematic representation of gas separation via surface diffusion mechanism occurring
through micro- and meso-porous structure of porous membranes

Fig. 2.8 Schematic representation of gas separation via Knudsen diffusion mechanism occurring
through wide-pored structure of porous membranes
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pressure (usually vacuum) is applied across the membrane. Knudsen diffusion arises
due to collision of gas molecules having different molecular masses (and different
interaction energies) with the porous membrane surface, thus resulting into different
transport rates through the membrane (Fig. 2.8). In Knudsen diffusion the perme-
ability of heavier gas component is low as compared to lighter one. Due to its high
molecular weight, CO2 permeates through the membrane at a relatively slower rate
as compared to N2 in an attempt to separate post-combustion flue gas into its
component gases.

In contrast to transport via Knudsen diffusion, transport mechanisms of molecular
sieving and surface diffusion dictate high permeability of CO2 through the porous
membranes as compared to N2.

Separation in non-facilitated dense membranes takes place via solution diffusion
mechanism since they do not have porous channels to transport gas molecules. The
separation mechanism depends on two factors: solubility of a particular gas compo-
nent in membrane material and its diffusivity through the bulk membrane as shown
in Fig. 2.9. Solubility at the feed–membrane interface is determined by preferential
dissolution or interaction of one of the gas components with membrane material
while leaving the less soluble gas component behind in the feed gas. Diffusion of
dissolved gas component through the membrane structure is driven by concentration
gradient. Rate of diffusion is generally determined by molecular size of highly

Fig. 2.9 Simplified diagram of gas separation by solution-diffusion mechanism in non-facilitated
dense membranes
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permeating gas component coupled with polymer chain mobility and interchain
spacing. Highly soluble and diffusing component desorbs at permeate–membrane
interface, thus completing the process of gas separation via solution–diffusion
mechanism.

Low solubility and/or low diffusivity of key gas component through membrane
material may result in low permeability via solution–diffusion mechanism. Both the
permeability and selectivity of the key component through membrane can be
enhanced by making use of facilitated transport mechanism. This mechanism trans-
ports gases not only by usual solution–diffusion mechanism but also by an active
transport mechanism by involving a fixed or mobile carrier present in the membrane.
The gas component to be separated reversibly reacts with carrier to form a temporary
complex product which traverses through the membrane due to concentration
gradient of intermediate complex rather than that of target component. Reverse
reaction occurring at the permeate–membrane interface regenerates the target com-
ponent as well as the carrier. Regenerated target component is desorbed on the
permeate side, while carrier diffuses in reverse direction to feed–membrane interface
so as to react with more key component molecules and carry the formed temporary
product across the membrane. This type of transport mechanism usually works well
in liquid membranes. To illustrate the mechanism of facilitated transport, the sche-
matic diagram of a facilitated membrane, having amine as fixed carrier, to separate
CO2 form CO2/N2 mixture is demonstrated in Fig. 2.10. After its adsorption in
membrane at feed side, the target gas component CO2 reacts with amine carrier to
form temporary bicarbonate. Bicarbonate diffuses through the membrane and

Fig. 2.10 Schematic diagram of gas separation via facilitated transport mechanism in facilitated
liquid membranes
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dissociates back into CO2 and amine at permeate–membrane interface releasing CO2

at permeate side. Contrary to their non-facilitated counterparts, unique feature of
facilitated membranes is the drop in CO2 permeability as well as CO2/N2 selectivity
with increasing partial pressure of CO2 on feed side.

2.5.2 General Membrane-Specific Terminologies

Effective separation a gas mixture into its components using a membrane demands
high production rate and high purity of the key component being separated. Some
important terminologies needed to assess gas separation performance of a membrane
are discussed here.

Molar flux across the membrane: The permeation of a certain species i diffusing
through a thin membrane can be described in terms of its molar flux Ni which is
equivalent to product of permeance PM,i of key component i and driving force
(partial pressure or concentration of component i) operating across the membrane,
i.e.,

Ni � Vi=t
AM

¼ PM,i
� �

driving forceð Þ ¼ PM,i

lM

� �
driving forceð Þ ð2:1Þ

where Vi is the volume of gas component i permeated through the membrane having
active cross-sectional area AM in time interval dt. The gas permeance PM,i can be
defined as the ratio of permeability PM,i of key gas component i to membrane
thickness lM.
Permeability: Gas permeability P, defined as the transmembrane permeate flux

through unit cross-sectional area subjected to unit pressure gradient, can be
deduced from Eq. (2.1) and expressed as:

Permeability ¼
volumetric gas flow rate

membrane cross sectional area

� �

transmembrane pressure difference
membrane thickness

� �

or

P ¼
V

AMdt

� �

ΔP
lM

� � ð2:2Þ

Gas permeability of a single gas permeating through a membrane can be assessed
for isochoric permeation experiments via the following equation:
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P ¼ 22414
RT

� V
AM

� lM
ΔP� dP

dt
ð2:3Þ

where P, R, T, V, AM, lM, ΔP, and dP/dt denote gas permeability (Barrer), universal
gas constant (6236.56 cm3cmHg/mol/K), absolute temperature (K ), downstream
collection chamber volume (cm3), membrane effective cross-sectional area (cm2),
membrane thickness (cm), upstream pressure (psi), and rate of pressure rise on
permeate side (psi/s), respectively. Gas permeability can be measured either in
terms of Barrer or gas permeation unit (GPU).
Barrer: Gas permeability through a membrane, measured in cgs-system, corre-

sponds to 1 Barrer if a gas flow rate of 10�10 cm3/s (volume measured at standard
temperature and pressure conditions of 0 �C and 1 atm, respectively) occurs
through a membrane of cross-sectional area 1 cm2 and thickness 1 cm by
maintaining a pressure difference of 1 cm Hg across the membrane, i.e.,

P 1 Barrerð Þ ¼ 10�10 cm
3 STPð Þ:cm

cm2:s:cm Hg

Gas permeability of 1 Barrer in SI units can be expressed as:

P 1 Barrerð Þ ¼ 7:50062� 10�18 m
3 STPð Þ:m
m2:s:Pa

Gas permeation unit (GPU): Permeability of a single gas permeating through a
membrane is equivalent to 1 gas permeation unit (GPU) if it flows at a rate of
10�6 cm3/s (at 0 �C and 1 atm) through a membrane of cross-sectional area 1 cm2

and thickness 1 cm under a transmembrane pressure difference of 1 cm Hg, i.e.,

P 1 GPUð Þ ¼ 10�6 cm
3 STPð Þ:cm

cm2:s:cm Hg

For a gas mixture flowing through a membrane, the permeability Pi of a certain
component i expressed in GPU can be determined via below equation:

Pi 1 GPUð Þ ¼ 6� 104

T
� V
AM

� lM
ΔP� dP

dt
� Yi

Xi
ð2:4Þ

where T, V, AM, lM, ΔP, dP/dt, Xi, and Yi represent absolute temperature (K ), volume
of downstream collection chamber (cm3), membrane effective cross-sectional area
(cm2), membrane thickness (cm), upstream pressure (mbar), rate of pressure rise on
permeate side (mbar min�1), mole fraction of component i on feed side, and mole
fraction of component i on permeate side, respectively (Basu et al. 2010b).
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Ideal selectivity: Ideal selectivity αi,j of gas A over gas B, defined as the ratio of
permeability of A to that of B, is generally determined via isochoric single-gas
permeation experiments by assuming that the permeation behavior of a gas remains
the same whether it permeates through the membrane exclusively or as a component
of a certain gas mixture. Ideal selectivity of gas i over j can be calculated from
Eq. (2.5):

αi,j ¼ Pi

Pj
ð2:5Þ

where Pi and Pj are the permeabilities of gases i and j, respectively, as measured by
single gas permeation experiments.

Solution–diffusion mechanism of gas transport through a membrane can be
accounted for in terms of Fick’s first law stating that the gas permeability Pi of
penetrant i equals the product of its diffusivity Di and solubility Si through the
membrane, i.e.,

Pi ¼ Di � Si ð2:6Þ

Ideal selectivity of gas i over j can be expressed in terms of diffusion-based
selectivity (Di/Dj) and solubility-based selectivity (Si/Sj) of the two penetrating gas
components as follows:

αi,j � Pi

Pj
¼ Di

Dj

� �
Si
Sj

� �
ð2:7Þ

Ideal selectivity based on single-gas permeation experiment may differ from
actual selectivity based on separation experiment performed over real gas mixture
owing to mutual interaction of permeating gases of the mix. For a permeating
mixture of gases through a membrane, the real selectivity of the key component
i over gas component j can be calculated by the following equation:

αi,j ¼ Yi=Yj

Xi=Xj
ð2:8Þ

where Xi and Xj denote feed-side mole fractions of components i and j, respectively,
while Yi and Yj represent corresponding permeate-side mole fractions of components
i and j (Basu et al. 2010b).
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2.5.3 Models to Predict Gas Permeability Through
Mixed-Matrix Membranes

Designing of gas separation process using mixed-matrix membranes requires per-
meation data of gas species transporting through polymer matrix (continuous phase)
and filler particles (dispersed phase) (Keskin and Sholl 2010). Essential permeability
data for majority of metal–organic framework-filled membranes is usually acquired
through experimentation. Complex mathematical models based on atomistic simu-
lation of adsorption, diffusion, solubility, and separation of gas molecules can be
used to theoretically predict gas permeation data for various mixed-matrix mem-
branes (Keskin et al. 2009; Song et al. 2012).

Analogous to electrical and/or thermal conductivity models, various theoretical
models are available to predict gas permeation through mixed-matrix membranes
(Pal 2008; Cheetham et al. 2012). Depending on phase morphology of mixed-matrix
membranes, theoretical models predicting gas permeability through mixed-matrix
membranes can be classified into two-phase (particle-polymer) and three-phase
(particle-interface-polymer) permeation models. A two-phase model depicting per-
fect morphology of mixed-matrix membranes is characterized by good polymer-
filler adhesion corroborating a defect-free, faultless, and non-deformable interface
between continuous (polymer matrix) and dispersed (nanofiller) phases. Noteworthy
two-phase permeation models include Maxwell, Bruggeman, Singh, Lewis–Nielsen,
Pal, Chiew–Galandt, Bottcher, and Higuchi models. A three-phase model, in addi-
tion to polymer and filler phases, also considers polymer-filler interface as the third
phase of the system. It is characterized by a poor polymer-filler adhesion as well as a
non-ideal morphology suggesting some defects, faults, and imperfections at the
polymer-filler interface. A three-phase system can assume non-ideal morphology
due to interfacial defects such as the creation of a rigidified polymer layer around
filler particle, the pore blockage in porous particles, and/or the formation of void
spaces between polymer and filler phases. Modified Maxwell, modified Felske, and
modified Pal permeation models are considered to be some of the important three-
phase permeation models.

Relative permeability (Pr) of a gas permeating through a mixed-matrix membrane
with respect to its pure polymer counterpart can be anticipated by Maxwell perme-
ation model as follows:

Pr ¼
1þ 2Φ λdm�1

λdmþ2

� �

1�Φ λdm�1
λdmþ2

� � ð2:9Þ

where
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Pr ¼ Peff

Pm
¼ Effective permeability of MMM

Permeability of polymer matrix

λdm ¼ Pd

Pm
¼ Permeability of dispersed phase

Permeability of polymer matrix

Ψ ¼ 1þ 1�Φm

Φ2
m

� �
Φ ð2:10Þ

Φm ¼ volume fraction of fillers at maximum packing ¼ 0.64.
and Φ ¼ volume fraction of filler(s)

This model is valid for low concentration (Φ < 0.2) of filler particles and cannot
accurately predict gas permeability through mixed-matrix membranes for higher
volume fractions of the filler. Maxwell model has nothing to do with filler morpho-
logical parameters such as particle shape, particle size distribution, and aggregation
state of particles.

Bruggeman model, an advanced version of Maxwell model, correlates relative
gas permeability with filler volume fraction by the following numerically solvable
implicit relationship.

P
1
3
r

λdm � 1
λdm � Pr

� �
¼ 1�Φð Þ�1 ð2:11Þ

Both the Maxwell and Bruggeman models are applied for well-dispersed isotro-
pic filler particles in polymeric matrix due to their dependence on volume fraction of
filler particles and has nothing to do with morphology or size of the filler particle.

Lewis–Nielsen model accounts for morphological effects like size, shape, size
distribution, and aggregation state of filler particles on gas permeability through
mixed-matrix membranes. It can calculate gas permeation at maximum packing of
filler volume fraction:

Pr ¼
1þ 2 λdm�1

λdmþ2

� �
Φm

1� Ψ λdm�1
λdmþ2

� �
Φm

ð2:12Þ

Pal model, just like Lewis–Nielsen model, can be applied to determine gas
permeability at maximum packing volume fraction of fillers since it considers the
influence of particle shape, particle size distribution, and particle aggregation state:

Pr
1=3 λdm � 1

λdm � Pr

� �
¼ 1� Φ

Φm

� ��Φm

ð2:13Þ

Three-phase Felske permeation model used to estimate relative permeability (Pr)
of a gas through a mixed-matrix membrane can be expressed as follows:
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Pr ¼
1þ 2Φ β�γð Þ

βþ2γð Þ
1� ΦΨ β�γð Þ

βþ2γð Þ
ð2:14Þ

where

β ¼ 2þ δ3
� �

λdm � 2 1� δ3
� �

λim

γ ¼ 1þ 2δ3 � 1� δ3
� �

λdi

λdi ¼ Pd

Pi
¼ Permeability of dispersed phase

Permeability of interphase

λim ¼ Pi

Pm
¼ Permeability of interphase

Permeability of matrixphase

λdm ¼ λdiλim ¼ β
γ

and δ ¼ ratio of interphase to particle radii

Felske model turns to original Maxwell model in the absence of an interfacial
layer, i.e., when δ ¼ 1. Although the computing of Felske model to determine gas
permeability is relatively easy as compared to Maxwell model, its limitations are the
same as those of modified Maxwell model. It can accurately predict gas permeability
through mixed-matrix membranes for volume fractions of filler particles less than 0.2.

All the abovementioned permeation models are used to predict permeability of a
single gas permeating exclusively through mixed-matrix membranes with the
assumption that their flow behavior would be unaffected even if they permeate
with other gases of the mixture. If the permeability of a certain gas species is affected
by the presence of other gas components while permeating in a gas mixture, the
prediction of gas permeability through mixed-matrix membrane requires more
complicated mathematical equations. An exclusive approach based on partial pres-
sures of permeating gases along with other parameters obtained from single gas
permeation experiments is partial immobilization model (Vu et al. 2003). This model
can be used to estimate gas permeability Pi of component i of a gas mixture
permeating through mixed-matrix membranes as follows:

Pi ¼ KiDið Þ 1þ FiKi

1þPn
i¼1bipi

� �
ð2:15Þ

Here pi is the partial pressure of gas component i on feed side of membrane while
maintaining vacuum on permeate side of the membrane. Ki and Di are Henry
adsorption coefficient and ordinary diffusivity of species i, respectively; bi and Fi

are corresponding Langmuir affinity constant and ratio of diffusivities of permeating
gas components.
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2.6 Conclusion

Global warming can be efficiently controlled by capturing carbon dioxide via mixed-
matrix membranes prepared by incorporating high surface area porous metal–
organic frameworks and nanomaterials in polymer matrix. Carbon capture and
separation performance of mixed-matrix membranes as compared to other existing
technologies has been found to be better in terms of sustainability, economics,
environment, and operation. Chemistry of metal–organic frameworks to be incor-
porated in mixed-matrix membranes can be tailored to improve essential properties
of membranes by modifying their fundamental crystal structure, chemical nature,
and/or functionalization. A variety of hybrid membranes have been prepared by
incorporating different mesoporous materials like MOF-5, HKUST-1, ZIF-8,
ZIF-94, ZIF-300, ZIF-301, ZIF-302, carbon nanotubes, silica, graphene oxide, etc.
in various thermoplastic and rubbery polymers such as polysulfone, polyimides,
polydimethylsiloxane, polyvinylacetate, poly(vinyl chloride), polyethyleneimine,
poly(ether block amide), etc. Remarkable improvement in CO2 permeability and
CO2/N2 selectivity has been revealed to be possessed by these composite membrane
materials. This in turn results in lowered operational energy demands for CO2

capture process in contrast to existing technologies. Solution–diffusion mechanism
dominates the gas transport phenomena through these dense nonporous membranes.
CO2 permeability and CO2/N2 selectivity can be theoretically predicted via different
gas permeation models and measured by performing gas permeation experiments
over single- or mixed-gas feed streams at varying feed pressures. Improvement in
CO2 separation performance of composite membranes can be owned to porous
structure of metal–organic frameworks. As compared to bare polymers, the precisely
adjustable porosity of nanomaterials added to mixed-matrix membranes offers the
opportunity to considerably improve CO2/N2 selectivity in contrast to pure poly-
meric matrix. Finding intensive utility in carbon capture applications, mixed-matrix
membranes filled with metal–organic frameworks and other nanomaterials would be
considered important materials of choice to control global warming in the future.

Nomenclature

Abbreviations

6FDA 4,40-hexafluoroisopropylidene diphthalic anhydride
CCS carbon capture and sequestration
CNT carbon nanotube
Cu(BDC) Cu3(benzene-1,4-dicarboxylate)2
Cu-BTC Cu3(benzene-1,3,5-tricarboxylate)2(H2O)3
Cu-HFS-BIPY 4,40-bipyridine-hexafluorosilicate copper(II)
DAM diaminomesitylene
Durene 2,3,5,6-tetramethyl-1,3-phenyldiamine
EOR enhanced oil recovery
GPU gas permeation unit
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GO graphene oxide
IPCC Intergovernmental Panel on Climate Change
HKUST-1 Cu3(benzene-1,3,5-tricarboxylate)2(H2O)3
MOF metal–organic framework
MMM mixed-matrix membrane
NMP N-methyl-2-pyrrolidone
PDMS polydimethylsiloxane
PEBA poly(ether block amide)
PEG poly(ethylene glycol)
PEI polyetherimide
PI polyimide
PMDA pyromellitic dianhydride
POSS® silsesquioxanes
PTMSP poly(1-trimethylsilyl-1-propyne)
PSF polysulfone
PU polyurethane
PVAc polyvinylacetate
PVAm poly(vinylamine)
PVC poly(vinyl chloride)
ODA 4,40-oxydianiline
S1C silicate-1
SAPO-34 silicoaluminophosphate
SPEEK sulfonated poly(ether ether ketone)
US Ultrason®

ZIF zeolitic imidazolate framework

Symbols

A effective membrane area (cm2)
b Langmuir affinity constant
D diffusivity or diffusion coefficient (cm2/s)
F ratio of diffusivities of permeating gas components
K Henry adsorption parameter determined from Langmuir adsorption

isotherm
l membrane thickness (cm)
m mass or weight of the specimen
N molar flux
n number of gas components
P gas permeability (Barrer; 1 Barrer ¼ 10�10 cm3 (STP) cm/(cm s cmHg))
P permeance (Barrer/cm)
p partial pressure of gaseous component on feed side
R universal gas constant (6236.56 cm3cmHg/mol/K)
S solubility coefficient (cm3 (STP)/cm3cmHg)
T absolute temperature (K)
t time (s)
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V gas volume or cell downstream volume (cm3)
X mole fraction of gaseous component on feed side
Y mole fraction of gaseous component on permeate side
y parameter to be determined from Langmuir adsorption isotherm
Δp pressure difference across the membrane (psi)
ΔP/dt gas permeation rate (psi/s) in terms of time rate of pressure

Greek Letters

α membrane gas selectivity
β matrix rigidification or chain immobilization factor
γ ratio of interphase thickness to particle radius
δ ratio of outer radius of rigidified interfacial matrix chain layer to radius of core

particle
λ permeability ratio
ψ function of packing volume fraction of filler particles
Ф fractional volume of filler(s) (%)

Subscripts

C continuous phase
D dispersed phase
eff effective
i interphase
i gas ‘i’
j gas ‘j’
M membrane
m polymer matrix
r relative
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Abstract In this work, a comprehensive discussion of biogas upgrading using
membrane technologies is presented. Bio-methane obtained from biogas upon
carbon dioxide removal is an attractive source of clean energy, and several tech-
niques have been developed for this purpose. These technologies are chemical
absorption, water scrubbing, physical absorption, adsorption, cryogenic separation,
and membrane separation. Among these techniques, membrane separation outstands
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due to its promising economic viability. In this work, general characteristics of
biogas and its upgrading processes are explained. Then membrane technology for
biogas upgrading through gas permeation is analyzed in detail. Gas permeation
phenomena, membrane materials, membrane modules, different types of process
configuration, and commercial biogas plants based on membrane technologies are
deeply investigated. Polymeric membrane materials are under continuous develop-
ment, and this will facilitate the implementation of membrane-based biogas
upgrading processes in many industrial areas. Single-stage configurations are not
able to produce both high methane purity and a high recovery percentage. Thus,
multistage configurations play an important role in biogas upgrading when mem-
branes are selected to facilitate the CH4/CO2 separation. In this scenario, it is
expected that membrane-based biogas upgrading methods will significantly contrib-
ute to open new approaches in the urgent matter of sustainable energy technologies.

Keywords Biogas upgrading · Bio-methane · Renewable energies · Energy
sources · Membranes for biogas upgrading · Gas permeation · Carbon capture ·
Polymeric materials · Multistage configurations · Biogas-based plants

3.1 Introduction

Sustainable and renewable energies are the key to combating the scarcity of energy
from fossil fuels, as well as addressing the climate change that has increased in recent
years. The serious environmental crisis, mainly due to the incessant increase of
greenhouse gases derived from anthropogenic emissions, is an important factor
which forces governments to undertake new energy policies and regulations. The
increase of these greenhouse gas concentrations in the atmosphere has the potential
to initiate unprecedented changes in climate systems, leading to serious ecological
and economic disturbances. Among the most influent greenhouse gases, carbon
dioxide (CO2) stands out due to its increasing presence in the atmosphere, as can
be seen in Fig. 3.1 (Verotti et al. 2016; Ibrahim et al. 2018; Lam et al. 2017; Clift
2006).

For this reason, the development of carbon capture and storage (CCS) as well as
carbon capture and utilization (CCU) technologies has been promoted by national
and international organizations (Baena-Moreno et al. 2018a, b). The implementation
of CCS technologies could be an essential contribution to the effort of global
reduction of greenhouse gases derived from industrial and power generation plants
alimented by fossil fuels. However, these techniques are not developed enough to be
an economical option for greenhouse gases mitigation (Baena-Moreno et al. 2018b;
Leonzio 2016).

In addition, the economic growth of developing countries in the past decades and
the world population rise is catapulting the development of new technologies that
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allow the use of renewable resources. In the short term, governments are to prioritize
the increase of energy efficiency, although economic and thermodynamic limitations
will be encountered. Thus, in the longer term, only the further development of
renewable energies combined with traditional energy sources will solve the great
challenges of the future (Aresta 2010; Pfau et al. 2017).

The most important types of renewable energies are bioenergy from biomass,
geothermal, hydroelectric, solar, and wind. Among these renewable sources of
energy, biogas has aroused great interest in recent years, as it is one of the easiest
to implement technologies especially in rural areas. Biogas comes from renewable
biomass sources. Its potential development, not only considering the production of
biogas, but also its potential to convert into other valuable products such as
bio-fertilizer, makes attractive its utilization in sectors with abundant organic
waste matter (Ullah Khan et al. 2017; Weiland 2009; Abatzoglou and Boivin 2009).

One of the main problems of biogas relies on its composition. As biogas comes
from the anaerobic digestion of residues, the percentage of CO2 in its composition is
about 30–50%, which should be removed before use, in order to suppress its
greenhouse potential (Ullah Khan et al. 2017; Niesner et al. 2013; Sun et al.
2015). For this purpose, biogas upgrading technologies have been studied by several
groups and are an extensive area of research. pressure swing adsorption (PSA), water
scrubbing, chemical scrubbing, organic physical scrubbing, membrane separation,
and cryogenic separation are the most popular technologies for biogas upgrading
(Wheeler et al. 1999; Persson et al. 2007).

Among the technologies exposed above, membrane separation is one of the most
promising, due to the overall costs involved in its installation and operation as well
as the high removal efficiency towards most of biogas contaminants (Baker and
Lokhandwala 2008; Zhang et al. 2014). In this chapter, first, a preliminary presen-
tation of the main characteristics of biogas is given, as well as a brief overview of
different available technologies for biogas upgrading. Afterwards, membrane
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technologies for biogas upgrading will be deeply discussed, from fundamental
aspects such as construction materials to commercial plants for biogas upgrading
based on membrane technologies.

3.2 Biogas: General Characteristics and Upgrading
Processes

As it has been addressed before, biogas is a product obtained from the anaerobic
digestion of residues such as sewage wastes, landfills residues, or agricultural
wastes. This section tries to detail the main characteristics and uses, as well as the
main biogas transformation techniques in bio-methane.

3.2.1 Production and Applications

The biological production of biogas from organic residues is represented in Fig. 3.2.
Briefly, this anaerobic process is constituted by three main steps. The first one
implies the transformation of insoluble organic material to soluble organic materials
by the enzymes’ action and is called the hydrolysis step. The second step consists of
the breakdown of the products from the previous step to obtain carbon dioxide,
hydrogen, acetic acid, and other simple volatile organic acids. Finally, the last step

Fig. 3.2 Steps of biogas fermentation
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entails the conversion of acetic acid, hydrogen, and carbon dioxide to a mix of
methane and carbon dioxide (Fig. 3.1) (Yadvika et al. 2004).

Biogas is called to have an important role within the renewable energy portfolio.
It is planned that the use of biogas in the world will reach approximately the value of
30 GW in 2022. In the European Union, almost 25 million tons of oil equivalents are
estimated to be produced in 2020, producing a high impact of reduction in green-
house emissions. By 2020, renewable energies are expected to account for 20% of
the total European energy demand, being biogas expected to produce the 25% of the
total bioenergy (Ullah Khan et al. 2017).

This issue is being reflected in the increase of biogas production plants in recent
years. As depicted in Fig. 3.3, the number of biogas plants has increased from 10,508
in 2010 to 17,662 in 2016, which represents an increase of 68% (AEBIOM 2017).

There are several applications in which biogas have been employed successfully,
for example, electricity production, direct combustion to heat or steam generation,
injection into the gas grid as a substitute of natural gas, and fuel for vehicles
(Abatzoglou and Boivin 2009; Ullah Khan et al. 2017). The different requirements
of bio-methane for some applications are indicated in Table 3.1.
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Table 3.1 Requirements for bio-methane to be used in different applications (Kadam and Panwar
2017; Rasi et al. 2011; Bauer et al. 2013)

End use H2S CO2 H2O and other siloxanes

Boiler <1000 ppm Not allowed Not allowed

Cooker Allowed Not allowed Not allowed

Stationary engine <250 ppm Not allowed Not allowed

Vehicle fuel Allowed Recommended Not allowed

Natural gas grid Not allowed Eventually Eventually
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Nowadays, direct combustion of biogas to produce heat or steam is the most
common industrial application, due to its simplicity as only water should be sepa-
rated before burning. However, direct combustion causes loss of calorific value and
requires remarkable capital investment since big installations are needed to cope
with relatively high gas flows (Ahmadi Moghaddam et al. 2015).

The injection into the natural gas grid has the main advantage of a minimum
infrastructure cost, since these are existing facilities in the majority of countries. This
reason could facilitate a greater overall performance of the upgrading biogas process
and its use. However, the high operational cost of this option and the very restrictive
laws imposed by governments make it one of the less preferred options (Bond and
Templeton 2011; Hosseini and Wahid 2013).

Regarding the utilization of bio-methane as fuel, light vehicles are suitable to
work with conventional gasoline and compressed natural gas. Bio-methane is a clean
vehicle fuel and can help to balance the fast growth of the transport sector with lower
vehicular emissions, since biogas comes from renewable sources. These reductions
could be around 60–85% for NOx, 10–70% for CO, and 60–80% for emitted
particles, when substituting conventional fuels with bio-methane (Bauer et al.
2013; Yang et al. 2014).

3.2.2 Composition

In addition to methane and carbon dioxide, biogas is composed of water, ammonia,
hydrogen, oxygen, nitrogen, and hydrogen sulfide, as stated in Table 3.2. Its
composition varies depending on its origin source. In comparison with natural gas,
where CH4 content is about 90%, biogas presents a wide range of 35–70% methane.

Table 3.2 Biogas composition from different sources

Compound
Biogas from
sewage

Biogas from
landfill

Biogas from waste
water

Natural
gas

CH4 (%) 60–70 35–65 55–58 90–95

CO2 (%) 34–38 30–45 32–50 0.2–2

H2O (%) 1–7 1–5 1–5 –

NH3 (ppm) 50–100 0–5 0–100 –

H2 (%) Traces 0–5 Traces –

O2 (%) Traces 0–1 Traces –

N2 (%) 0–2 5–15 Traces 0–0.5

H2S (ppm) 0–4000 0–100 0–4000 0–10

Siloxanes
(%)

0–0.2 0–0.2 0–0.5 –
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CO2 represents about 30–50% of the biogas composition, followed by traces of
water and nitrogen and parts per million (ppm) of ammonia and hydrogen sulfide.
Although the latter ones are in a very low composition, they are the most problematic
ones from an operational point of view, since they spark corrosion (Hertel et al.
2015; Alonso-Vicario et al. 2010; Rahman et al. 2017; Harasimowicz et al. 2007;
Bekkering et al. 2010; Chen et al. 2015; Persson et al. 2007; Bauer et al. 2013;
Patrizio et al. 2015; Ryckebosch et al. 2011; Niesner et al. 2013).

3.2.3 Upgrading Necessity

As exposed in the previous section, multiple biogas compositions can be obtained
depending on the raw materials and the operational conditions specified during the
anaerobic digestion process (Yadvika et al. 2004). Some of those components
included in the biogas mixture could be detrimental for the process equipment and
eventually may damage the materials of construction. Hence it is important to
eliminate such components. Some of the effects and consequences of the different
impurities are represented in Table 3.3.

The benefits of eliminating these components are multifold: (i) expansion of the
life span of the process equipment, (ii) higher calorific value of the biogas, (iii)
reduction of environmentally unfriendly emissions, and (iv) an overall boosting of
the economic viability of the process. Biogas calorific value is between 20.7 and
27.8 MJ/m3, while bio-methane calorific value is about 37.7–39.8 MJ/m3

(Pipatmanomai et al. 2009; Bright et al. 2011). This difference has an obvious
impact on the price, ranging from 0.89 to 2.97 p/kWh for biogas and from 1.49 to
3.30 p/kWh for bio-methane (Hoo et al. 2018; Ullah Khan et al. 2017).

Due to the reasons explained in this section, biogas upgrading is a necessity for
applying as renewable energy industrially. Furthermore, the economic balance has
been demonstrated to be more favorable for bio-methane than for raw biogas. For
this purpose, many biogas upgrading technologies were studied by several authors,
and their main characteristics are summarized in the next section.

Table 3.3 Biogas contaminants and its effects

Contaminant Effect – consequence

H2S Corrosion, toxic and formation of SO2–SO3 in combustion stage

Siloxanes Depositions on different elements provoking its wearing and microcrystalline
quartz formation in combustion stage

H2O Corrosion in compressors and acid formation when reacting with other biogas
components

NH3 Corrosion when reacting with water

CO2 Diminishing of calorific value
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3.2.4 Biogas Upgrading Technologies

A large number of biogas upgrading technologies have been developed from the
beginning of the century, some of them well-established at commercial scale.
Nowadays, the cutting edge of the research focuses on improving the overall
efficiency of the processes and consequently the operation and investment costs.

During the first years of bio-methane construction plants, water scrubbing was the
technology of choice due to its technical simplicity and cost. Nevertheless, in the last
decades, the number of chemical scrubbing, membranes, and PSA plants has risen
greatly as a consequence of the progress on the development of these alternatives
(Angelidaki et al. 2018). A distribution of different commercial plants in Europe
categorized by chosen technology for biogas treatment can be seen in Fig. 3.4.

Regarding the investment capital and operational costs, Table 3.4 presents
updated data for the different biogas upgrading technologies. Membrane technology
investment costs seem to be economically interesting especially in installations with
relatively low gas flow. However, there are not substantial differences between
membrane technology and PSA systems in terms of operational costs for small
productions. This gap is considerably bigger for plants producing up to
300 m3 h�1, so in terms of operational costs, membrane technology fits in this
range of production.

Fig. 3.4 Commercial bio-methane plant distribution. (Modified after Angelidaki et al. 2018)
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PSA Systems

PSA processes are quite simple from an operational point of view. The raw biogas is
first compressed and then dried to prevent water from reaching the sorbent filter,
where activated carbon molecular sieves retain CO2, H2S, and NH3 mainly. The
advantageous characteristics of PSA systems are the low energy consumption and
fast regeneration of the sorbent. Some industrial technologies such as the Carbotech
patented system benefit from improved operational costs as well as high removal
efficiency, thus leading to the implementation of a large number of plants for biogas
upgrading (Kim et al. 2015; Alonso-Vicario et al. 2010; Persson 2003).

Water Scrubbing

In a water scrubber, carbon dioxide and other compounds are physically absorbed in
water at high operation pressures of about 6–10 bars. This operation is normally
carried out in a packed tower filled with a random packing to increase the contact
surface of both phases, in a countercurrent flow disposition. As a consequence of the
absorption, a small fraction of methane is lost, but overall, the efficiency of the
process is reasonably high due to the high solubility of CO2 in water (Rotunno et al.
2017; Jiang et al. 2010). After the CO2 absorption stage, the aqueous solution
obtained is regenerated by a desorption column by applying air in a countercurrent
flow at atmospheric pressure (Zhou et al. 2017).

Table 3.4 Biogas composition from different sources

Water
scrubbing

Organic
physical
scrubbing

Amine
scrubbing

PSA
systems

Membrane
technology

Approximate
investment costs
(€/m3 h�1 of
bio-methane)

Up to
100 m3 h�1

10,100 9500 9500 10,500 7500

Up to
200 m3 h�1

5500 5000 5000 5500 4800

Up to
300 m3 h�1

3500 3500 3500 3800 3500

Approximate oper-
ational costs (€/
m3 h�1 of
bio-methane)

Up to
100 m3 h�1

14.0 13.8 14.4 12.8 12.5

Up to
200 m3 h�1

10.3 10.2 12.0 10.1 8.6

Up to
300 m3 h�1

9.1 9.0 11.2 9.2 7.5

Modified after Chen et al. (2015)
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Chemical Scrubbing

Nowadays one of the most employed biogas upgrading techniques relies on a
chemical scrubber in which the gas flow comes into contact with a solvent that is
usually MEA, piperazine, NaOH, or KOH. This method ensures a high CO2

absorption and no methane loss. After the absorption stage, it is necessary to
regenerate the solvent to make the process economically affordable. When
employing MEA or piperazine, the regeneration stage is carried out above 100 �C
to release CO2 in a pure gas flow. However, when using a caustic solvent, chemical
reaction methods using high calcium or magnesium sources are employed to regen-
erate the solvent, forming a precipitated carbonate as a valuable by-product (Baena-
moreno et al. 2018a, b; Sanna et al. 2014; Arti et al. 2017; Vega et al. 2017; Leonzio
2016).

Organic Physical Scrubbing

Dimethyl ether and polyethylene glycol are the most employed solvents for physical
scrubbing. Since carbon dioxide is much more soluble in these two substances than
in water, the same amount of flow gas could be absorbed using less solvent. This is
an advantage over the water scrubbing process. On the other hand, these organic
solvents are more expensive than water, but this can be economically balanced by a
higher efficiency regeneration stage (Djas and Henczka 2018; Andriani et al. 2014;
Weiland 2009).

Membrane Separation

Membranes employed in biogas upgrading retain methane and let carbon dioxide
permeate through the porous membrane. This technique is based on the molecule
size difference, in that way the membrane acts as a filter. Other contaminants may be
separated by the membrane, but preferably they should be removed in a previous
stage in order to extend the lifetime of the membrane. The selection of membrane
materials is crucial for the process as it may affect the performance and selectivity
due to the particular interaction between materials and the gas mixture. The devel-
opment of different commercial membrane upgrading technologies led to the spread
of that technology among bio-methane producers (Zhou et al. 2017; Basu et al. 2010;
Yin et al. 2016).

Cryogenic Separation

This technique is based on a gradual decrease of biogas temperature, until pure CO2

and CH4 gas flows are achieved. Methane in this state is known as liquefied natural
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gas (LNG). Typically, the raw biogas is first dried and compressed to up to 80 bars
and later cooled down to around �110 �C. This technique achieves really promising
results regarding the overall separation efficiencies, but the high investment cost
associated with the compression and cooling operations makes it presently not
economically affordable (Tuinier and Van Sint Annaland 2012; Johansson 2008;
Chiesa et al. 2011).

Chemical Hydrogenation Process

This process consists of the biological or chemical reduction of carbon dioxide by
means of hydrogen, based on Sabatier reaction, under the action of a catalyst,
typically based on nickel and ruthenium. The process is carried out at about
300 �C and 20 MPa and achieves high conversions of CO2. However, the overall
efficiency of the process is affected by the presence of H2S or siloxanes in the raw
biogas. Sulfur compounds poison the catalyst, leading to its deactivation. Hence a
sulfur removal unit is required prior to the hydrogenation process (Lam et al. 2017;
Angelidaki et al. 2018).

3.3 Membrane Technology for Biogas Upgrading

Membrane-based technologies for biogas upgrading are a promising alternative to
conventional technologies such as water scrubbing or PSA. Previously used for
natural gas treatment, gas permeation membranes have potential in biogas treatment
towards bio-methane. In recent years, the application of membrane modules was
developed to pilot plant scale, but the technology is not as mature as gas permeation
membranes. This section explains in details the different aspects of gas permeation
membranes applied for biogas upgrading. Since carbon dioxide is the major con-
taminant of biogas, the techniques discussed mainly focus on removing this
greenhouse gas.

3.3.1 Biogas Permeation Phenomena

Mass transport phenomena in membrane reactors can be generally classified into two
steps into permeation process: first the diffusion of the gas along the entire dense area
of the membrane is carried out, governed by Fick’s law; after that, the gas goes
through another stage of diffusion along the porous zone of the membrane (Scholz
et al. 2013b).

The principle in which permeation membrane technology is based is the partial
pressure difference of the difference gas components from the feed side to the
permeate side (see Fig. 3.5). To generate this driving force, three methods are
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typically applied: feed compression, vacuum in the permeate side, and a sweep gas
spark application in the permeate side (Scholz et al. 2013b).

When the driving force is generated by compression (configuration in Fig. 3.6),
the feed gas should remain pressurized all over the membrane surface (Basu et al.
2010). On the contrary, the permeate side operates at ambient pressure. A filter is
generally fitted before the compressor in order to eliminate some particles present in
the biogas that could damage it. This configuration may be more efficient than others
since if the product is the retentate, then it is already pressurized for downstream
processes or implementation in the natural gas grid network (Scholz et al. 2013b).

Figure 3.7 represents a vacuum in the permeate side configuration to provide the
driving force in the overall of the system. This scheme is really useful when only a
small amount of biogas needs to be upgraded. Nevertheless, the resulted bio-
methane is not compressed, so this makes a compression stage necessary to meet
natural gas grid requirements (Makaruk et al. 2010).

A sweep gas stream on the permeate side in counterflow direction can be
employed to create the driving force for the permeation phenomena (Chen et al.
2016). This entails a dilution of the permeate flow and a possible additional step if
the permeate component needs to be recovered for other potential application.
Moreover, an extra cost is expected since the sweep gas is usually an inert gas.

Fig. 3.5 Membrane
configuration scheme

Fig. 3.6 Feed compression to generate driving force. (Modified after Scholz et al. 2013a, b)
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Sometimes it is possible to employ the raw gas flow as sweep gas, but this usually
lowers the efficiency of the membrane module (Fig. 3.8).

3.3.2 Membrane Materials

Due to the hard process conditions at which membranes must operate, the compo-
sition materials need to be resistant to chemicals such as H2S, NH3, or H2O. In
addition, these membrane materials should withstand pressures between 20 and
25 bars and temperatures of about 50 �C. For this purpose, the most used materials

Fig. 3.7 Driving force by
vacuum in the permeate
side. (Modified after Scholz
et al. 2013a, b)

Fig. 3.8 Sweep stream configuration. (Modified after Scholz et al. 2013a, b)
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are inorganic and polymeric, although composite membranes have also been studied
in the last years. Materials usually employed for gas separations are collected in
Table 3.5. Among these, the use of polymer membranes is widely used at industrial
scale for biogas upgrading. The main reason is competitive prices when compared to
others.

Non-polymeric membranes (alumina and zeolites among others) are known to
have the best separation properties together with higher chemical and thermal
stability. Nevertheless, their employment is limited due to their high manufacturing
costs and insufficient mechanical properties to face the operational conditions.

Ceramic membranes are proved to be quite chemically stable and resist elevated
temperatures in addition to having good selectivity and permeability. The composi-
tion of this kind of membranes is based on a metal, which is usually aluminum,
titanium, or silicium, combined with an oxide, a nitride, or a carbide like aluminum
oxide and titanium oxide or carbon nanotubes. However, intracrystalline phenome-
non defects affect the behavior of the membrane in terms of selective transport.

Carbon molecular sieve membranes show high selectivity and permeability;
however, they are brittle which makes their preparation at industrial scale difficult.
Nevertheless, this type of membranes is still under research to improve the afford-
ability of the production process.

Polymeric membranes have been the most employed type of membranes due to
several reasons. They benefit from lower costs, facile module fabrication, and high
pressure stability. Polysulfone, cellulose acetate, and polyimide have been employed
widely in various industrial-scale applications, and their manufacture is presently
done by Membrane Technology Research, Air Products, or Air Liquide among
others (Table 3.6). Further information regarding polymeric membrane properties
are given in Table 3.7. In particular, the permeability and selectivity of some
polymeric membranes towards H2, CH4, and CO2 are given.

Table 3.5 Most extended
membrane materials for gas
separations

Polymeric materials Non-polymeric materials

Polysulfone Carbon molecular sieves

Cellulose acetate Zeolites

Polyetherimide Silica

Polyimide Palladium

Polymethylpentene Perovskites

Modified after Basu et al. (2010)

Table 3.6 Commercial
polymeric membranes per
manufacturer

Company Polymeric material

Membrane Technology Research Cellulose acetate

Air Products Polysulfone

Air Liquide Polyimide

MTR Polydimethylsiloxane

Cynara Cellulose acetate

Modified after Basu et al. (2010)
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3.3.3 Membrane Modules: Characteristics and Operation

There are three commercially available modules for biogas permeation: hollow fiber
modules, spiral-wound modules, and envelope modules (Brunetti et al. 2010; Scholz
et al. 2013b). The main characteristics of these modules are collected in Table 3.8.
The hollow fiber module benefits from high packing density and is the most
economically viable. For this reason, it is the most used industrially.

The majority of international suppliers, Air Liquide, Air Products, Evonik, and
Parker, provide hollow fiber modules. Nevertheless, other well-recognized suppliers
like MTF or UOP former Grace have launched better quality spiral-wound mem-
brane module type.

A commercial hollow fiber module needs to have the mechanical strength to
withstand the high operation pressure, high-quality fibers, fits in the range of flow
gases the flow patterns, and an economic balance between material costs and
working life (Li et al. 2004).

Regarding the operation of membrane modules, some problems could derive
from physical effects and have an impact on the module performance. These effects
are pressure losses, concentration polarization, and Joule–Thomson effect which
may considerably affect the driving force.

Pressure loss in biogas permeation membrane modules is the most common and
inevitable effect. It is caused by the flowing medium in the fiber that decreases the
transmembrane pressure. Moreover, some local fluxes are not uniform, and as a
result, some inefficiencies are presented along the fiber, decreasing the overall
performance. Several authors studied this influence and modeled it mathematically
(Paulen and Fikar 2016; Pellegrin et al. 2015; Yoon et al. 2008; Shao and Huang
2006; Liang 2016).

Table 3.7 Properties of selected polymeric membrane materials

Compound Polysulfone Cellulose acetate Polyimide

Permeability at 30 �C/barrer H2 14 2.63 28.1

CH4 0.25 0.21 0.25

CO2 5.6 6.3 10.7

Selectivity H2-CO2 2.5 0.41 2.63

CO2-CH4 22.4 30.0 42.8

Modified after Basu et al. (2010)

Table 3.8 Main characteristics of the different membrane modules (Li et al. 2004; Peeva et al.
2010)

Parameter Hollow fiber Spiral wound Envelope

Costs for module (€/m2) 1.5–9 9–45 45–175

Packing density (m2/m3) 1000–10,000 100–1500 30–500

Area per module (m2) 100–600 10–50 2–30
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Concentration polarization is caused by the accumulation of biogas molecules at
the membrane surface and may result in the reduction of the mass transfer along the
membrane surface. This phenomenon is directly correlated with the flux – the higher
it is, the bigger is the effect – and it mainly occurs in the pores of the material (Lüdtke
et al. 1998; de Nooijer et al. 2018).

The Joule–Thomson effect has been widely studied (Mushtaq et al. 2013; Rowe
et al. 2010; Coker et al. 1999; Scholz et al. 2013b). This effect is due to the change in
temperature under constant enthalpy that occurs when a gas tends to expand from
higher pressure zones to lower ones. In biogas permeation, this effect is considerable
since the pressure difference between the feed and the permeate is quite elevated
(20–25 bar vs. 1 bar). For biogas feed with a high carbon dioxide concentration at
normal operating pressures, the temperature drop is quite significant and thus
potentially causes some condensation along the membrane surface. To remove this
possible effect, Faizan Ahmad et al. (2012) proposed the installation of a heater
before the membrane module (Ahmad et al. 2012).

3.3.4 Biogas Upgrading Permeation Processes: Single-
and Multistage Configurations

There are different configurations for biogas upgrading through permeation pro-
cesses, and the selection of one of them depends on the purity requirements for the
final bio-methane. Generally, these different configurations can be split in two
categories: single-stage gas permeation and multistage processes.

Regarding the single-stage process, two possible schemes can be found (Figs. 3.9
and 3.10). Figure 3.9 shows the simplest process for biogas upgrading but also the
most inefficient one since the methane loss is very high. This configuration is hardly

Fig. 3.9 Hollow fiber
membrane module
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controllable since it is solely directed by the selectivity of the membrane, and traces
of CO2 can appear in the bio-methane flow. On the other hand, the methane loss can
be decreased by a partial recycling of the permeate, as shown in Fig. 3.10. This
allowed the recovery of up to 95% of methane (Li et al. 2007; Niesner et al. 2013;
Chen et al. 2015). Nevertheless, the energy input involved in the compression stage
is higher since the gas flow increased considerably.

When higher bio-methane purity and less bio-methane losses are required, mul-
tistage processes have been applied successfully (Haider et al. 2016). The most
common way to build a multistage process is to interconnect two membrane modules
in series. Figures 3.11, 3.12, 3.13, and 3.14 show different multistage configurations
for biogas upgrading. From these four configurations, many hybrid processes have

Fig. 3.10 Single-stage configuration without recirculation

Fig. 3.11 Single-stage configuration with partial recirculation
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Fig. 3.12 Multistage configuration with a second membrane module and permeate recirculation.
(Modified after Zeman and Zydney 2017)
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Fig. 3.13 Multistage configuration with a second membrane module, a retentate recirculation, and
two compressors. (Modified after Zhao et al. 2010)
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Fig. 3.14 Multistage configuration without recirculation of the second membrane module
retentate. (Modified after Bailón Allegue and Bailón and Hinge 2014)
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been proposed (Bauer et al. 2013; Zhou et al. 2017; Zhang et al. 2014; Deng and
Hägg 2010; Baker and Lokhandwala 2008; Makaruk et al. 2010; Bhide et al. 1998;
Scholz et al. 2013a, b).

Figure 3.11 describes a process in which the first module removes carbon dioxide
from raw biogas, while the second one allows to obtain an adjustable bio-methane
purity, according to the specifications. In order to diminish the CH4 losses, the
permeate of the second module is recirculated before the compression stage.

An alternative to increase the purity and recover the CH4 that may have gone to
the permeate flow is the further treatment of the permeate (Deng and Hägg 2010).
Unfortunately, this configuration requires a second compressor prior the second
stage since the permeate is an ambient pressure. This increases the process energy
consumption and as a consequence lowers the overall performance.

Another variation of the previous configuration without recirculating the retentate
is shown in Fig. 3.13. Here the methane-rich flow resulting from the second
membrane filtration is mixed with the bio-methane stream from the first membrane
module, so removing the recirculation provokes lower capital cost since the flows are
smaller.

The last multistage configuration known is quite similar to the one presented in
Fig. 3.11 but with the inclusion of a sweep gas in the second membrane module as
shown in Fig. 3.14. This allows to increase the efficiency of the second module.
However, once again, the capital cost of the installation as well as the operating
compression costs increases due to larger streams circulated in the system.

3.3.5 Commercial Biogas Plants Based on Membrane
Technologies

The number of biogas plant based on membrane technologies has increased recently
until becoming the second most built installation for bio-methane production. In
general, these bio-methane production installations are divided into high-capacity
(commercial purpose) and low-capacity (usually research purpose) plants.
Figure 3.15 shows a typical scheme of a commercial membrane bio-methane
production (Fig. 3.16).

In a commercial membrane-based installation for biogas upgrading, first, the raw
biogas is produced in a biodigester by an anaerobic digestion process. This raw
biogas is then pulsed into a gas washer stage for a minimum water scrubbing
operation to light up the total flow gas. After that, H2S and NH3 are partially
removed with a carbon filter step to avoid operation problems in the compression
stage. Finally, once the biogas is compressed in the membrane module unit, the bio-
methane is recovered from the flow in the retentate. The carbon dioxide in the
permeate could be compressed and sold if its purity is adequate.
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Some of the most relevant installations in each category as well as their location
are collected in Table 3.9. Curiously, the largest commercial plants are located in the
United States, while the most important research plants are based in Europe.

The first commercial bio-methane production plant in Europe was set in 1990 in
the Netherland, in Collendoorn with a capacity of 25 m3/h. Nowadays its capacity
multiplied by 15. Though it was the first commercial plant based in Europe, the
purity of bio-methane obtained is not more than 90% (Scholz et al. 2013b).

It is expected by the biogas research world that the number of bio-methane
production membrane-based plants will increase greatly in the near future, since
low operational and investment costs as well as high bio-methane purities can be
obtained by means of this technology. Additionally, bio-methane production pro-
cesses could be easily connected to combined heat and power (CHP) engines.
Makaruk et al. conducted a promising study in which they integrated a membrane-
based bio-methane plants with the heating and power requirements, achieving an
energy consumption of around 0.3 kWh per m3 of bio-methane (Makaruk et al. 2010).

Fig. 3.16 Layout of a typical commercial membrane-based bio-methane installation. (Modified
after X. Y. Chen et al. 2015)

Bio-methane

Raw biogas

Compression stage

Sweep gas

Sweep gas

Membrane module 1 Membrane module 2

CO2

CO2

CH4

Fig. 3.15 Multistage configuration with sweep gas use and a second membrane module with
permeate recirculation. (Modified after Hasan et al. 2012)
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3.4 Conclusions

This study confirms that a range of biogas upgrading technologies are available to be
applied on an industrial scale. Pressure swing adsorption, water scrubbing, chemical
scrubbing, organic physical scrubbing, membrane separation, and cryogenic sepa-
ration have been proven to be technically developed enough, while further efforts
should be focused on reducing economic factors. Among these technologies,
membrane-based processes for biogas upgrading present investment and operational
costs which seem to be economically interesting for an immediate industrial appli-
cation. This technique carried out by means of gas permeation phenomena has
shown results worthy of replacing conventional biogas separation techniques such
as water scrubbing. Polymeric membrane materials are under continuous develop-
ment which will facilitate the implementation of membrane-based biogas upgrading
processes in many industrial areas. Besides, their low cost and flexibility make
polymeric membranes easy to be fabricated into hollow fiber modules. However,
there are some issues that need to be improved such as methane losses in some
process configurations. Single-stage membrane processes are not technologically
mature since the overall efficiency of the process is affected by methane losses.
Multistage configurations play an important role in biogas upgrading membrane-
based processes, thanks to the outstanding results presented regarding overall costs
and adjustable bio-methane purity. Moreover, this technology is even more inter-
esting for the adaptability of the different configurations and the multiple opportu-
nities to form hybrid processes in combination with other techniques.

Several industrial areas with biogas production potential will implement
membrane-based biogas upgrading technologies in the near future. The ripeness
showed by the already existing membrane-based plants is the main reason to
encourage novel biogas producers to apply this technology. Future research should

Table 3.9 Location of installed membrane-based bio-methane production plants per production
capacity

Category Location Capacity (m3/h)

High-capacity Seattle (United States) 18,886

Kersey (United States) 14,164

New Orleans (United States) 10,623

Atlanta (United States) 8263

Winder (United States) 7082

Imperial (United States) 7082

Low-capacity Collendoorn (Netherland) 375

Kisslegg-Rahmhaus (Germany) 300

Witteveen (Netherland) 200

Wiener Neustadt (Austria) 120

Bruck an der Leitha (Austria) 100

Beverwijk (Netherland) 80

Modified after X. Y. Chen et al. (2015) and Scholz et al. (2013b)
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focus on finding a way to remove minor components, for example, H2S, NH3, and
siloxanes, in order to improve the overall economic performance. Also the develop-
ment of new construction materials cheaper than those employed nowadays will be a
call for research in the near future.
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Abstract Serious water contamination and freshwater shortage result in the urgent
requirements of advanced technologies for water treatment. Membrane separation is
an alternative technology to address the global water crisis. Hence the research for
membrane materials with excellent properties is being undertaken vigorously.
Recently, successful attempts have been made towards applying carbon-based
membrane materials, such as carbon membranes, carbon nanotube membranes,
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carbon fiber membranes, activated carbon membranes, graphene-based membranes,
etc. for achieving a high separation performance. The intrinsic properties of the
carbon materials can potentially lead to enhancements in fouling mitigation, hydro-
philicity, and permeate quality. This chapter provides a brief and comprehensive
overview of the fabrication and synthesis mechanisms of the carbon-based mem-
brane materials, characterization methods, and practical applications in water treat-
ment. The major points are:

1. Carbon membranes, derived from phenolic resin and coal as precursors, have
been widely used in water treatment, specifically utilizing the electrical conduc-
tivity of coal-based carbon membrane as the electrode and membrane filter
simultaneously demonstrate great potential on water treatment.

2. Four types of carbon nanotube membranes are presented and indicate high
separation performance due to the remarkable physicochemical properties of
carbon nanotubes.

3. Carbon fiber membranes possess abundant functional groups on the surface,
favoring high permeability in water treatment.

4. Activated carbon membranes are promising for organic matter removal owing to
high surface area, micro–meso and macroscopic structure, and various chemical
functional groups.

5. Graphene-based membranes as the novel carbon-based membrane materials with
unique laminar pores are attracting more and more attentions.

Keywords Membrane · Carbon materials · Wastewater treatment · Water
purification · Separation

4.1 Introduction

The industrial development and population growth have led to serious and sustain-
able challenge towards the water resources in the twenty-first century (Menachem
and William 2011; Ma et al. 2017; Salgot and Folch 2018). The prediction from the
United Nations indicates that half of the countries worldwide will be confronted with
water shortage in the coming decades (Goh and Ismail 2018). The World Health
Organization (WHO) also estimates that more than 1.2 billion people worldwide
have gotten sick or died through drinking contaminated water, and the number is
expected to significantly grow in the coming years (Montgomery and Elimelech
2007; Wilson et al. 2018). Hence, in order to reduce the hazards from water pollution
to humankind, various technologies and industrial processes for water treatment or
purification have been developed and applied rapidly in recent years (Zheng et al.
2015; Pintor et al. 2016; Hayat et al. 2017; Jiao et al. 2017).
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Among them, membrane separation has been accepted as a promising and
pervasive technology arising from its numerous advantages of no chemical additives
requirement, low energy demand, easy operation, high separation selectivity, and
good stability (Gin and Noble 2011; Li et al. 2016b; Thakur and Voicu 2016;
Chowdhury et al. 2018; Lau et al. 2018). To date, membrane separation has been
widely applied in industrial wastewater treatment and drinking water purification
and desalinization (Pendergast and Hoek 2011; Singh and Hankins 2016; Parimal
2017; Zhang et al. 2018). As one of the dominated factors to determine membrane
performance, membrane materials should be primarily concerned for exploring high-
performance membranes.

Recently, carbon-based materials have been used to develop membranes with
optimal structure and performance due to their excellent physicochemical properties
(Goh et al. 2016; Thines et al. 2017; Anand et al. 2018; Wei et al. 2018). The carbon-
based materials not only can improve the wetting ability and surface charges of the
membranes but also introduce additional functions such as antimicrobial ability and
photocatalytic and electrochemical reactions (Liu et al. 2011; Ong et al. 2018).
According to previous works, several kinds of carbon-based membrane materials
including carbon membranes, carbon nanotube membranes, carbon fiber mem-
branes, activated carbon membranes, graphene-based membranes, etc. (Inagaki
et al. 2014; Jiang et al. 2016; Lawler 2016; Vatanpour and Safarpour 2018) are
described. This chapter aims to provide an overview on recent developments of
carbon-based membrane materials for water treatment. A brief discussion of the
existing challenges and their prospects are also considered.

4.2 Carbon Membranes

Carbon membranes, as novel porous inorganic membranes, are usually prepared by
pyrolysis of carbonaceous materials, such as polyimide and its derivatives, polyac-
rylonitrile, poly(furfuryl alcohol), phenol–formaldehyde, coal, etc. In the past sev-
eral decades, carbon membranes have demonstrated excellent gas separation
performance (Hamm et al. 2017), however, only a few carbon membranes are
applied on water treatment due to their high cost and complex preparation process.
In the following parts, several kinds of carbon membranes used in water treatment
will be introduced.

4.2.1 Phenolic Resin-Based Carbon Membranes

Phenolic resins have presented suitable features to be applied as the precursors of
carbon membranes due to their low cost, thermosetting property, and high carbon
yield (Muylaert et al. 2012). Several scholars have successfully prepared carbon
membranes with phenolic resins for water treatment. Song et al. (2017) developed
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carbon alumina mixed-matrix membranes by impregnating phenolic resin in porous
alumina matrix via a vacuum-assisted method. Their results showed that carbon
alumina mixed-matrix membranes with high water fluxes and salt rejections could be
easily tailored. However, the carbon membrane, formed by dip coating a phenolic
resin solution on an alumina substrate, could not exclude small molecules of glucose
and sucrose. It only demonstrated high removal rates (80% and 100%, respectively)
for 36 kda and 400 kda of polyvinylpyrrolidone polymers (Abd et al. 2017). Wu
et al. (2016) prepared phenolic resin-based carbon membrane to treat oily wastewa-
ter. The oil concentration dramatically reduced from initial 200 mg/L in feed to
below 10 mg/L in permeate, with the oil rejection rate of 95.3%. Zhao et al. (2018)
prepared the original precursor membrane by compressing the mushy mixture
composed of phenolic resin, hexamethylenetetramine, carboxymethylcellulose
sodium, and distilled water. The results showed that these carbon membranes
could effectively remove phenol and phosphoric acid from water. The maximum
removal rates were 81.9% for phenol and 55.3% for phosphoric acid. In addition, the
carbon membrane derived from phenolic resin was also effective to treat dye
wastewater. Asymmetric tubular carbon membranes on an ultrafiltration substrate
were prepared by thermosetting phenolic resin and carbon black (Tahri et al. 2016),
and such carbon membranes could be applied efficiently to the treatment of indus-
trial dyeing effluent. According to the above research, carbon membranes made from
phenolic resin as raw material or part of raw material have been applied in many
aspects of water treatment and showed their unique performance.

4.2.2 Coal-Based Carbon Membranes

Coal, as a kind of natural mixture composed of macromolecular cross-linked poly-
mers and inorganic minerals, is a good candidate for preparing carbon membranes
because of its low price and abundant deposit. In the past two decades, our group
explored the preparation technology of carbon membranes derived from coal, which
was shown in Fig. 4.1. The coal was ground into fine particles first, and then mixed
with binder into a dough, which was extruded into a tube of 10 mm external diameter
by a hydraulic extruder at 2.5–3.0 MPa. After drying at ambient atmosphere, the
tubular membrane was carbonized in Ar up to 900

�
C at the rate of 3

�
C/min and held

for 1 h. The final product was cooled to room temperature naturally. A series of
systematic investigations on the controlled preparation of coal-based carbon mem-
branes were carried out, and the pore structure, mechanical strength, and electrical
conductivity of CBCMs were further optimized. As expected, the coal-based carbon
membranes showed excellent water treatment performance (Song et al. 2006).

During treatment, the retention and accumulation of pollutants on the membrane
surface and inside the membrane pores would give rise to serious membrane fouling.
In order to improve the antifouling ability of coal-based carbon membranes, an
electric field was exerted on the treatment system; our group utilized the electrical
conductivity of coal-based carbon membranes and designed a coupling system
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which employs coal-based carbon membranes as the anode and Ti plate surrounding
the membrane as the cathode. This system achieved significant improvement on
removal efficiency and antifouling ability under an external electric field due to the
electrochemical oxidation (Fig. 4.2). This system not only displayed excellent
removal efficiency for organic pollutants (such as oil droplets) larger than the
membrane pores (Li et al. 2016a) but also demonstrated great potential on those
pollutants with a smaller molecule size than the membrane pore size including dyes,
phenol, etc. (Yin et al. 2016); Tao et al. 2017b; Sun et al. 2018). Moreover,
microorganisms such as microalgae and Vibrio cholerae were also effectively
removed (Tao et al. 2017a). Compared with other membrane processes such as
ultrafiltration, nanofiltration, and reverse osmosis, this technology possessed obvi-
ous advantages on processing capacity and energy consumption.

Although the coupling system has been proved to be effective for organic
wastewater treatment, further potential for improvement in the removal efficiency
and life span of the coupling system is often limited by the relatively low electro-
chemical activity of membrane electrode materials. Therefore, improving electro-
chemical activity of the membrane electrode material is a key to make a significant
breakthrough in this field. Yang et al. (2011) presented the design of a novel
electrocatalytic membrane reactor by loading electrocatalyst on carbon membrane
(Fig. 4.3). In the research, TiO2 as the electrocatalyst and hydrophilic agent was
coated on the membrane surface by a sol–gel approach to enhance electron transfer

Fig. 4.1 Preparation
process of coal-based
carbon membranes.
(Reprinted with permission
of (Song et al. 2006))
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and improve membrane permeability. In this operation process, once the membrane
anode was electrified, excitation of electrons in the conduction band took place at the
TiO2 surface. The obtained electrons and holes not only electrochemically
decomposed H2O into O2 and H2, inducing gas and liquid microflows to reduce
concentration polarization and avoid membrane fouling, but also reacted with the
adsorbed H2O and O2 at the TiO2 surface to generate reactive intermediates, which
could indirectly decompose the organic foulants into CO2 and H2O or biodegradable
products, so as to realize the self-cleaning function of the electrocatalytic membrane.
Similarly, Wang et al. (2014) also used an electrocatalytic membrane reactor con-
stituted by TiO2 loading carbon membrane to treat phenol wastewater. Besides, the
Bi–SnO2/C electrocatalytic membrane was fabricated via a simple electrochemical

Fig. 4.2 Flow schematic diagram of carbonized membrane coupling with an electric field.
(Reprinted with permission of (Li et al. 2016a))

Fig. 4.3 Scheme of
electrocatalytic membrane
reactor. The figure shows an
electrocatalytic membrane
reactor with self-cleaning
function for industrial water
treatment. (Reprinted with
permission of (Yang et al.
2011))

126 C. Li et al.



reduction and hydrothermal method by Wang et al. (2018b). The Bi–SnO2/C
membrane could continuously remove and inactivate E. coli in water through
flow-through mode. As a result, the sterilization efficiency reached more than
99.99% under the conditions of cell voltage of 4 V, flow rate of 1.4 mL/min, and
E. coli initial concentration of 1.0 � 104 CFU/mL, owing to the synergistic effect of
the membrane separation and electrocatalytic oxidation.

4.3 Carbon Nanotube Membranes

Carbon nanotubes (CNTs), as an important kind of carbon materials, have many
remarkable electrical, thermal, mechanical, and optical properties, which make them
be widely used in sensor, supercapacitor, lithium–ion battery, etc. (Ren et al. 2011;
Gupta et al. 2013; Yu et al. 2014; Apul and Karanfil 2015; Patino et al. 2015).
Generally, carbon nanotubes can be divided into single-walled carbon nanotubes and
multi-walled carbon nanotubes (Fig. 4.4) (Ahn et al. 2012; Ihsanullah 2019). As we
have known, carbon nanotubes were firstly discovered by Sumio Iijima (1991). Soon
after, researchers observed ultrahigh water flow rates in carbon nanotubes, and this
discovery produced great expectation that carbon nanotubes could be used as an
ideal material for water treatment (Whitby and Quirk 2007; Lee et al. 2011; Ahn
et al. 2012).

The concept of carbon nanotube membrane was introduced by Li and Richard
(2000) when they studied the mass transfer phenomenon in single-walled carbon
nanotubes. Recently, carbon nanotube membranes for water purification are getting
more and more attention. According to the arrangement patterns of carbon
nanotubes, carbon nanotube membranes are usually classified into vertically aligned
carbon nanotubes (VA-CNT) membranes, horizontally aligned carbon nanotubes
(HA-CNT) membranes, mixed-matrix carbon nanotube membranes, and electro-
chemical carbon nanotube membranes (as shown in Fig. 4.5).

Fig. 4.4 The structure of
multi-walled carbon
nanotubes and single-walled
carbon nanotubes.
(Reprinted with permission
of (Ihsanullah 2019))
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4.3.1 Vertically Aligned Carbon Nanotube Membranes

Bruce et al. (2004) firstly constructed a multi-walled vertically aligned carbon
nanotube membrane, and its typical preparation process was shown in Fig. 4.6
(Das et al. 2014), and the separation performance of vertically aligned carbon
nanotube membranes was listed in Table 4.1. The work from Baek et al. (2014)
showed the superiority of vertically aligned carbon nanotube membrane with the
water permeation almost three times higher than a typical ultrafiltration membrane.
Besides, the membrane prepared by Holt (2004) with silicon nitride (Si3N4)-filled
carbon nanotube array obtained much higher water flux which was three times larger
than that calculated by the Hagen–Poiseuille equation. This was mainly owing to the
effect of the compact nanotube forest and short nanochannel length. In addition,
some researchers prepared novel vertically aligned carbon nanotube membranes that
possessed certain antimicrobial and antifouling capacities (Lee et al. 2015). A key
challenge on preparing these kinds of membranes was to align the carbon nanotubes
over a sufficiently large area for comprehensive water treatment (Ali et al. 2019).
Instead of conventional preparation methods, Wu et al. (2014) utilized an electric
field to obtain vertically aligned carbon nanotube membranes. Electro-casting
allowed multi-walled carbon nanotubes to grow vertically and disperse more evenly.
However, complex manufacturing techniques were still major obstacle to make these
membranes suitable for large-scale applications (Ihsanullah 2019).

Fig. 4.5 Mechanism of water passing through the four types of carbon nanotube membranes: (a)
vertically aligned carbon nanotube membrane, (b) horizontally aligned carbon nanotube membrane
which is randomly arranged horizontally on a porous support layer, (c) mixed-matrix carbon
nanotube membrane which is directly doped into the polymer membranes by interfacial polymer-
ization or phase inversion, (d) electrochemical carbon nanotube membrane. (Reprinted with
permission of (Ali et al. 2019))
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4.3.2 Horizontally Aligned Carbon Nanotube Membranes

In addition to vertically aligned pattern, carbon nanotubes can aggregate with each
other by the van der Waals interactions to form horizontally aligned carbon nanotube
membranes (Fig. 4.5B) (Ihsanullah 2019). This type of carbon nanotube membranes
possesses several advantages such as a high specific surface area, large porous 3D
network, etc. The most common methods for synthesizing horizontally aligned
carbon nanotube membranes are electrospinning, vacuum filtration, and layer-by-
layer deposition (Sears et al. 2010).

The preparation processes of horizontally aligned carbon nanotube membranes
usually involve two steps: the functionalization of carbon nanotubes and vacuum
filtration (Fig. 4.7). Firstly, the functionalized carbon nanotubes (horizontally
aligned carbon nanotubes) are ultrasonically treated for uniformly dispersing in
water or other solvents. Then, the dispersion is placed on the substrate membrane
by vacuum filtration, after drying in an oven to remove the solvent (Lee et al. 2016a).

The related works on horizontally aligned carbon nanotube membranes are listed
in Table 4.2. Due to the disordered arrangement of functionalized carbon nanotubes,
the horizontally aligned carbon nanotube membranes can provide rich porous
structure and large specific surface area (Sears et al. 2010), which makes the
horizontally aligned carbon nanotube membranes possess high adsorption capacity
to natural organic matter (Yang et al. 2013) and strong antimicrobial actions (Kang
et al. 2007). Li et al. (2015) found that a “slanted carbon nanotube membrane”
exhibited a higher water flux than a typical vertically aligned carbon nanotube
membrane, because this kind of art structure could obviously lower the energy
barrier for filling water into the carbon nanotubes. Brady Estevez et al. (2008)
reported that the horizontally aligned single-walled carbon nanotube membrane
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Fig. 4.6 Process flow for the fabrication of a vertically aligned carbon nanotube membrane using a
block copolymer lithography method. (Reprinted with permission of (Ahn et al. 2012))
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displayed high removal rate for the virus MS2 bacteriophage. Ihsanullah et al. (2015)
synthesized a silver-doped carbon nanotube membrane and demonstrated good
antibiofouling and antibacterial properties. Subsequently, they found that an iron
oxide composite carbon nanotube membrane could present excellent antifouling
property (Ihsanullah et al. 2016). Dumée et al. (2010) applied horizontally aligned
carbon nanotube membranes to direct contact membrane distillation. Their work
proved that horizontally aligned carbon nanotube membranes possessed high water
flux and good desalination ability. After that, they modified high-purity carbon
nanotubes by two chemical ways, and the resultant horizontally aligned carbon
nanotube membrane had a larger contact angle (140� compared with 125�), which
further improved the performance of the horizontally aligned carbon nanotube
membrane (Dumée et al. 2011).

Table 4.1 Membrane performance of some vertically aligned carbon nanotube membranes

Membrane material Membrane performance Reference

CNT/polystyrene The membrane flux of ruthenium bipyridine and
methyl viologen was 9.57 (�0.91) and 21.05
(�2.32) nmol/h, respectively

Mainak et al.
(2005)

CNT/stainless steel The flux of diesel and water was 4692 kg/(m2�h)
(400 Pa) and 85.6 kg/(m2�h) (1820 Pa) when the
membrane was used to separate diesel–water mixture

Lee and
Baik (2010)

CNT/polyethersulfone The water flux was �100 L/(m2�h) at 60 Psi Li et al.
(2014)

CNT/PS/epoxy resin The water flux was 1100 � 130 L/m2�h�bar (3 times
higher than a commercial membrane). The VA-CNT
membrane showed better biofouling resistance

Baek et al.
(2014)

CNT/
polytetrafluoroethylene/
Si

The water flux was 30,000 L/m2�h�bar (almost 12.5
times higher than the reported CNT membranes). The
carbon nanotube walls of the membrane were proved
to hinder the formation of biofilms and prevent bacte-
rial adhesion

Lee et al.
(2015)

CNT/Fe/Al2O3/Si The BSA rejection increased from 71% to 90% with
the modification of methacrylic acid. The pure water
flux was 1000 � 100 L/(m2�h�bar)

Park et al.
(2014)

CNT/Si wafer The rejection rate of NaCl was 41.4%. The water flux
was 1.31 � 10�3

– 6.57 � 10�2 L/(cm2�day�MPa)
Matsumoto
et al. (2017)

CNTs–TiO2/Al2O3 The rejection rate of polyethylene glycol was 70% and
the flux was 980 L/(m2�h)

Zhao et al.
(2013a)

Fe3O4/CNT Membranes with a 10 and 1% iron oxide exhibited the
best removal of 90 and 88% of SA after 3 h

Ihsanullah
et al. (2016)

CNT–carbon fabrics The hydrophobicity of the membrane increased; the
wetted surface fraction and adhesion were lower. The
separation efficiency of oil–water mixture was much
higher

Hsieh et al.
(2016)

PdO–CNT The removal efficiency of atrazine was almost 100% Vijwani
et al. (2018)
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However, carbon nanotubes usually tended to aggregate when they were dis-
persed in a polymer matrix or solvent. Therefore, it was difficult to prepare a uniform
dispersion. For this reason, several surfactants such as Triton X-100, sodium lauryl
sulfate, etc. were adopted to improve the dispersion of carbon nanotubes in aqueous
solution (Wu et al. 2010c). Besides, another efficient method was chemical
functionalization (Yang et al. 2013), which had been proved to increase the hydro-
philicity and stability of carbon nanotube suspensions (Ansón-Casaos et al. 2010).
For example, some researchers covalently grafted functional groups including

Fig. 4.7 Process flow for the fabrication of horizontally aligned carbon nanotube membrane. (a)
Flow of manufacturing horizontally aligned carbon nanotube membrane. (b) SEM image of the
membrane surface. (c) Fold it into a paper airplane to show its flexibility and mechanical robustness.
(Reprinted with permission of (Sears et al. 2010))

Table 4.2 Application and membrane performance of some horizontally aligned carbon nanotube
membranes

Membrane
material Membrane performance Reference

CNT The salt rejection was more than 95%. The water vapor flux
was 4.5 � 0.1 � 1012 kg/(m�s�Pa)

Dumée et al.
(2011)

CNT The salt rejection was more than 99%. Flux rate was�12 kg/
(m2 h) at a water vapor partial pressure difference of 22.7 kPa

Dumée et al.
(2010)

CNT/PP/PES/
PS/PVDF

The salt rejection was 95%. The water vapor flux was
3.3�10�12 kg/(m�s�Pa)

Dumée et al.
(2012)

f-CNT The rejection rate of humic acid was more than 93% Yang et al.
(2013)

CNT/PVDF The rejection rate of E. coli was 94% (exhibited good anti-
microbial capacity). The water flux was 13,800 L/m2�h�bar
and 6500 L/(m2�h�bar) at SWNT loading of 0.3 mg/cm2 and
0.8 mg/cm2

Brady Estevez
et al. (2008)

Cu–CNT/
PVDF

The rejection rate of As(III) was above 90%. The pure water
flux was 4639–4854 L/m2�h�bar).

Luan et al.
(2019)
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amines, fluorine, and sulfhydryl groups onto carbon nanotubes to help them disperse
in horizontally aligned carbon nanotube membranes (Ansón-Casaos et al. 2010;
Darryl et al. 2010).

4.3.3 Mixed-Matrix Carbon Nanotube Membranes

The main role of carbon nanotubes in mixed-matrix carbon nanotube membranes is
to improve the performance of conventional polymer membrane (Ihsanullah 2019).
Compared with the above two types of membranes, mixed-matrix membranes are
easier to be commercialized for their simple preparation procedures. For preparing
mixed-matrix carbon nanotube membranes, functional carbon nanotubes are gener-
ally added into polymeric membranes by several synthesis techniques (Ali et al.
2019; Ihsanullah 2019). The most common methods are phase inversion (Choi et al.
2006; Brunet et al. 2008; Majeed et al. 2012), interfacial polymerization (Shen et al.
2013; Kim et al. 2014), solution mixing (Ahmed et al. 2013), spray-assisted layer-
by-layer (Liu et al. 2013), polymer grafting (Shawky et al. 2011), in situ polymer-
ization (Zhao et al. 2014; Zarrabi et al. 2016), and in situ colloidal precipitation
(Ho et al. 2017). The prepared membranes often exhibit excellent properties for
reverse osmosis, ultrafiltration, and forward osmosis applications (Lee et al. 2016a).
Some researches about the membrane performance of mixed-matrix nanotube mem-
branes are listed in Table 4.3.

Mixed-matrix carbon nanotube membranes typically exhibited high removal
efficiency and water flux. Zheng et al. (2017) prepared a novel sulfonated multi-
walled carbon nanotube membrane by using the interfacial polymerization method.
By adding 0.01% multi-walled carbon nanotubes, the membrane showed high salt
rejection (96.8%) and water permeation (13.2 L/(m2�h�bar)). Moreover, a
polysulfone membrane (Choi et al. 2006) and a polyether sulfone membrane
(Celik et al. 2011b) doped with carbon nanotubes were more hydrophilic and
demonstrated an enhanced antifouling ability because of the hydrophilic carboxylic
groups of functionalized carbon nanotubes.

4.3.4 Electrochemical Carbon Nanotube Membranes

Electrochemical carbon nanotube membrane for wastewater treatment is a novel
technique which combines electrochemical degradation with conventional mem-
brane filtration to remove target contaminants (de Lannoy et al. 2012; Lalia et al.
2015; Ahmed et al. 2016; Elimelech and Boo 2017; Ho et al. 2018; Yi et al. 2018). In
this process, the electrochemical carbon nanotube membranes are used both as a
filter for contaminant sorption and an electrode for electrochemical degradation of
aqueous pollutants (Ali et al. 2019).
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The electrochemical carbon nanotube membranes exhibited great potential on
wastewater treatment due to high degradation efficiency, low energy consumption,
and simple operation process (Motoc et al. 2013; Bakr and Rahaman 2016, 2017;
Liu et al. 2017). Besides, by transferring electrons directly through the surface of the
electrochemical carbon nanotube membrane electrode, the solute transfer restriction
of the conventional batch electrochemical process was overcome. Therefore, this
method was more advantageous than conventional batch electrolysis. Table 4.4
provides some works on electrochemical carbon nanotube membranes. For example,
Wei et al. (2017b) prepared a novel carbon nanotube-based hollow fiber membrane
with a sandwich-like structure. Low concentration of microcystin-LR (0.5 mg/L)
was removed economically and efficiently (>99.8%) by simple switching with
adsorption and desorption as well as electrochemical oxidation by these carbon
nanotube ultrafiltration membranes.

4.4 Graphene-Based Membranes

Graphene, consisting of a compact accumulation of sp2 hybrid carbon atoms, was
reported for the first time by Geim and Novoselov (2004). Since then, graphene and
graphene-based materials have been extensively studied and used to synthesize
various multifunctional materials. As we know, graphene can be obtained by
chemical vapor deposition or chemical reduction of graphene oxide. Generally, it
is easy to fabricate single-layered or several-layered graphene on some catalytic
substrates via chemical vapor deposition. Compared with the tedious and expensive
chemical vapor deposition, reducing graphene oxide is more favorable for scale
production. Graphene oxide is usually prepared by oxidizing graphite through the
famous Hummer’s method, which has abundant oxygen-containing functional
groups on its surface and edges. After chemical reduction by hydrogen iodide
acid, hydrazine, or thermal treatment, the oxygen-containing groups are reduced to
obtain reduced graphene oxide which possesses similar properties to graphene. To
date, both graphene and graphene oxide have also been applied to construct novel

Table 4.4 Application of electrochemical carbon nanotube membranes

CNT
membrane

Voltage
(V)

Target
contaminant

Removal
efficiency Reference

COOH-
MWNT

2.0 Ibuprofen ~100% Bakr and Rahaman
(2016)

CNT-PTFE 8.0 Pb2+ 98.8% Gao et al. (2017b)

CNT-PVA 7.0 Cr (VI) >99% Duan et al. (2017)

N-CNT – TOC/NH4+ 95.2%/97.7% Zuo et al. (2016)

Fe-CNT 1.0 Metoprolol 97% Yanez et al. (2017)
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membranes with laminar pores. Besides, these materials are also used as blender to
improve the hydrophilicity, surface charges, and antifouling ability of the polymeric
membranes.

4.4.1 Support-Free Graphene Membranes

The ideal separation membrane should possess uniform pore size, ultrathin thick-
ness, high mechanical strength, and excellent physicochemical properties to provide
good permeability and selectivity. Graphene membrane may be a suitable candidate
to meet such requirements. According to the theoretical calculation, the single-
layered graphene membrane can completely desalinate brine water and seawater,
showing great potential for water treatment (Cohen-Tanugi and Grossman 2012).

Previous research suggested that salt rejection was negatively correlated to
improve pore size and applied pressure (Anand et al. 2018). Meanwhile, ionization
of functional groups surrounding nanopores could influence desalination efficiency
of single-layered graphene membrane (Chao et al. 2017). Therefore, single-layered
graphene membranes could achieve highly permeable desalination by controlling the
pore size and functional groups of nanopores (Cohen-Tanugi and Grossman 2012).
To date, the nanopores in single-layered graphene membranes were usually pro-
duced by ion beam and electron beam exposure, ion bombardment, UV-induced
oxidation etching, hydroxyl radical etching, oxygen plasma etching, etc. (Anand
et al. 2018). O’Hern et al. (2014) reported their works on the controllable high-
density subnanometer pores in single-layered graphene membranes which allowed
the transport of salt but rejected larger organic molecules.

Compared with single-layered graphene membranes, Celebi et al. (2014) reported
highly efficient mass transfer across physically perforated double-layered graphene
membrane. Wei et al. (2017a) reported a four-layered graphene membrane with
about 2 nm thickness, indicating outstanding permeability and selectivity. Cohen-
Tanugi et al. (2016) also reported a reverse osmosis membrane stacked by multilayer
nanoporous graphene for desalination by using classical molecular dynamic simu-
lation. They found that double-layered nanoporous graphene membranes with the
3.0 Å of nanopore radius exhibited full salt rejection. Compared to the single-layered
graphene membranes, the bilayer nanoporous graphene membranes showed excel-
lent salt rejection. Recently, the effects of pressure and wall interaction on the water
transport through multilayer nanoporous graphene membranes were carried out by
molecular dynamic simulation (Shahbabaei et al. 2017). They found the water flux
was mostly doubled in the multilayered hydrophilic pore membrane owing to strong
hydrogen bonds. And then Chang et al. (2017) reported the nanofiltration properties
of reduced graphene-based membrane with adjustable porous structure. Similarly,
Yi (2013) prepared ultrathin (�22–53 nm thick) graphene nanofiltration membranes
on microporous substrates. The performance of such ultrathin graphene
nanofiltration membranes was tested on a dead-end filtration device, and the pure
water flux of ultrathin graphene nanofiltration membranes was high (21.8 L/
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m2�h�bar). Furthermore, Kabiri et al. (2016) synthesized a thiol-functionalized
graphene composite with a unique three-dimensional porous structure to remove
mercury ions (Hg2+) from water. The results indicated that the removal efficiency of
the membrane reached almost 100% for low (4 mg/L) and high (120 mg/L) concen-
tration of Hg2+. Due to excellent permeability and selectivity, support-free graphene
membranes exhibited great potential in selective ion transportation and separation.

4.4.2 Graphene Oxide Membranes

Recently, graphene oxide has attracted increasing attention on membrane prepara-
tion and modification due to its excellent hydrophilic properties (Choi et al. 2013).
Graphene oxide is usually obtained by oxidizing graphite with a strong acid or
oxidant. Graphene oxide is a reforming form of graphene in which oxygen and
hydrogen atoms are bonded with carbon atoms (Hu and Mi 2013). Due to the
presence of oxygen- and hydrogen-based functional groups, graphene oxide can
be well dispersed in water and other organic solvents, which favors the preparation
of graphene oxide-based membranes (Stankovich et al. 2007).

Sun et al. (2014a) used graphene oxide membranes to recover acids from iron-
based electrolyte wastewater. The mechanism was that Fe3+ was blocked by
graphene oxide membranes, while H+ could migrate fast. Sun et al. (2014b) also
studied ion mobility and interactions with graphene oxide membranes. They found
that ion permeability exhibited the order of Mg2+> Na+>Cd2+ >Ba2+¼ > Ca2+ >K+ >
Cu3+ > Fe3+. Various interactions between ions and graphene oxide sheets, such as
chelation, static electricity, van der Waals forces, etc., were attributed to the selec-
tivity of graphene oxide membranes. Figure 4.8 showed the schematic diagram of

Fig. 4.8 Nanochannels in a graphene oxide membrane and hydrophilic pores for water flow in
desalination. (Reprinted with permission of (Wang et al. 2016a))
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graphene oxide membranes for water transport (Wang et al. 2016a). Water mole-
cules firstly arrived in the hydrophilic sites in graphene oxide and then slipped
through the hydrophobic nanochannel with low or no friction.

A dopamine-coated polysulfone membrane has been prepared to investigate the
dependence of water flux and charge effect on separation. They revealed that the
water flux was independent of the number of graphene oxide layers and salt
exclusion but depended on interlayer spacing (Hu and Mi 2013). However, the
volume of graphene oxide membrane would swell in the aqueous environment.
Nair et al. (2012) studied the water mobility in nanochannels between graphene
oxide tablets under different condition. They showed that the interlayer spacing
between the original graphene oxide membrane region and the stacked graphene
oxide membrane was about 0.6 nm in the dry conditions. Because of the diffusion of
water molecules to graphene oxide layer, the increased interlayer spacing between
graphene oxide membranes resulted in high mobility for water molecules. However,
when the graphene oxide membrane was immerged in an ionic solution, the
increased gap by the hydration cannot repel K + and Na + ions, making the membrane
inappropriate for desalination applications (Joshi et al. 2014). Addressing to this
issue, graphene oxide was functionalized with glycine and carboxylation for prepar-
ing membrane by pressure-assisted self-assembly to achieve high salt rejection
efficiency (Yuan et al. 2017). Xu et al. (2017a) reported that the water flux and
separation ability of graphene oxide membrane was related to the inner nanostruc-
ture of graphene oxide membrane. In addition to the interlayer spacing, it was found
that the morphological characteristics of graphene oxide membranes, such as corru-
gation, could improve the separation performance (Qiu et al. 2011). Wang et al.
(2012) presented that a graphene oxide/polyelectrolyte composite membrane had
obvious nanofiltration performance in removing dyes, separating monovalent and
divalent ions, and dehydrating solvent–water mixture. O’Hern et al. (2014) also
verified the water purification and ion permeation (rather selective) properties of the
graphene oxide membrane.

Similar to the study of graphene oxide membrane in ion transport, Chang et al.
(2017) reported that carboxylation could increase the hydrophilicity of graphene
oxide membrane, improving the efficiency of dye removal. Such improvement was
potentially attributed to surface charge density. On the contrary, it was found that
reduced preoxidized graphene membrane could increase the rejection efficiency of
methyl orange dye to >90%. In addition, a graphene oxide hydrogel membrane was
synthesized by Qin et al. (2012) via suspending the graphene oxide (graphene oxide)
in water. This graphene oxide hydrogel exhibited pH responsiveness and good
mechanical properties. Meanwhile, graphene oxide hydrogel had a good adsorption
capacity for organic dye Rhodamine B and anionic chromate.

Graphene oxide membrane also possessed superior metal ion adsorption char-
acteristics. The graphene oxide membranes, which were modified with
hyperbranched polyethylenimine, were applied to obtain high permeability and
rejection (>90%) of heavy metal ions (Zhang et al. 2015). The divalent metal ions,
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such as Co2+, Ni2+, Cu2+, Zn2+, Cd2+, Pb2+, etc., could be chemically adsorbed by
graphene oxide membranes, and the membranes could be reused for up to ten
cycles (Sitko et al. 2016).

Nowadays, graphene oxide membranes were also applied to oil–water separation.
With vacuum-assisted filtration, Zhao et al. (2016) intercalated palygorskite
nanorods into adjacent graphene oxide nanosheets and assembled graphene oxide
nanosheets into laminate structures to prepare the freestanding graphene oxide
membranes. Under various conditions (different concentration, pH, or oil species),
the graphene oxide membranes showed excellent anti-oil performance in the sepa-
ration process of water-containing oil emulsion.

4.4.3 Graphene Oxide Hybrid Membranes

Although graphene oxide membranes with a good desalination capability can be
prepared by simple methods, these membranes could be trapped by the use of
pressure-driven systems. Liu et al. (2015) found that the composite membrane
prepared by adding graphene oxide to polysulfone displayed superior pressure-
resisted ability, mechanical strength, and water permeability.

In order to increase water flux further, Dai et al. (2015) introduced a large quantity
of nitrogen-containing and oxygen-containing groups into the surface of graphene
oxide membrane and filled the interlayer space with polypropylene. The novel
polypropylene-based composite membrane apparently improved the hydrophilicity
and adsorption capacity. With the development of materials science, membranes
consisted of polymeric materials, including nylon, aromatic polyamides,
polyvinylidene fluoride, polysulfone, and polyethersulfone, as well as
non-polymer materials, such as ceramics, metals, and composites, which have
been readily fabricated and applied on the filtration of diverse solutions. Compared
to pure polymer membranes, the polyamide membranes doped with graphene oxide
showed higher water flux and desalination rate (Bano et al. 2015). The resultant
increase in the permeate water flux was from 1.8 L/(m2� h1) to 22 L /(m2� h1), while
salt rejection maintained at essentially above 80%. Similarly, research conducted by
Lai et al. (2016) demonstrated that water flux and salt removal were improved by
integrating graphene oxide in polyamide membrane. Moreover, Ali et al. (2016)
prepared thin composite membranes embedded with graphene oxide to evaluate their
desalination performance. They found that adding a small amount of graphene oxide
(100 ppm) significantly improved water flux and mechanical stability and reduced
membrane fouling. For salt solution with 2000 ppm NaCl, the launching flux at
1.5 MPa was 29.6 L/m2, and the salt removal rate was 97%. Besides, Kochameshki
et al. (2017) synthesized a polysulfone nanocomposite membrane modified with
graphene grafted with diallyldimethylammonium chloride. The results showed that
the water flux increased to about 450 L/m2�h, the antifouling performance was
improved, and the heavy metal ion rejection rate increased to 86.68% (Cu2+) and
88.68% (Cd2+).
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In addition, polyethylenimine membrane integrated with tannic acid-
functionalized graphene oxide showed excellent ion separation performance against
NaCl and MgSO4 (Lim et al. 2017). A thin nanofiltration membrane was prepared by
aggregating piperazine and trimesoyl chloride with reduced graphene oxide/TiO2

composite, which demonstrated good separation performance and antifouling prop-
erty in cross-flow filtration system due to the hydrophilicity of reduced graphene
oxide (Safarpour et al. 2015b). Zhang et al. (2017c) synthesized a novel layered
structure membrane which was prepared by coating graphene oxide sheets on the
surface of electrospun aminated polyacrylonitrile (APAN) fibers, exhibiting
ultrahigh flux (10,000 L/(m2�h) ), promising rejection (98%) and excellent antifoul-
ing performance for the separation of oil–water emulsions. Besides, Choi et al.
(2013) also fabricated a dual-action barrier coating layer of graphene oxide on the
surface of polyamide reverse osmosis membrane. The antifouling tests indicated that
the graphene oxide coating layer can increase the surface hydrophilicity and
decrease the surface roughness, which promoted the significantly improved anti-
fouling performance against a protein foulant. Similarly, graphene oxide nanosheets
were successfully doped across 200-nm-thick polyamide membranes by He et al.
(2015). They observed the significant increase of water flux (80%) in the reverse
osmosis membranes modified with graphene oxide nanosheets. Moreover, polyam-
ide nanofiltration membranes modified with reduced graphene oxide–NH2 were
prepared by Li et al. (2017b) to enhance water flux and antifouling capability.
There were some researchers reporting the improvement in the chlorine resistance
of the polyamide membranes incorporated with graphene oxide (Safarpour et al.
2015a). In their opinion, the chemically stable graphene oxide plate embedded in the
polyamide layer acted as a barrier layer, protecting the polyamide from chlorine
erosion, as shown in Fig. 4.9 (Choi et al. 2013).

The researchers also identified that adding graphene to polymer membranes had
positive influences on dye absorption. Polypyrrole-hydrolyzed polyacrylonitrile
composite NF membrane doped with graphene oxide was prepared by Shao et al.
(2014). It is found that the effectiveness of Rose Bengal dye rejection was approx-
imately 99.0%, and the solvent permeability was enhanced. And the NF performance
of graphene oxide mixed polyether sulfone membrane used for dyestuff (Direct red
16) removal was higher than that of polyethersulfone membrane (99% vs. 90%)
(Zinadini et al. 2014). The NF membrane fabricated by multilayered deposition of
graphene oxide on a polysulfone support exhibited high water permeability and
superior rejection (93–95%) of Rhodamine B dye (Qiu et al. 2011). In addition, a
polyamide membrane assembled with carboxyl-functionalized graphene oxide
showed 98.1% dye rejection rate of the New Coccine (Zhang et al. 2017b).

Due to superior separation characteristic, graphene oxide-doped polymer mem-
branes were also applied on oil–water separation. Hu et al. (2015) successfully
fabricated a novel graphene oxide hybrid membrane on commercial 19-channel
ceramic by adopting a vacuum method. During the treatment, the water permeation
fluxes of modified membranes were about 667 L/(m2�h�bar) after 150-min operation,
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which was higher about 27.8% than that of the unmodified membrane (522 L/
(m2�h�bar)). These results showed that graphene oxide modification played a crucial
role on improving oil–water separation performance. Similarly, in addition to the
application of membrane in above wastewater treatment, the novel membranes were
more widely applied to more intricate wastewater (Huang et al. 2015). Zinadini et al.
(2015) synthesized three different hybrid membranes which were fabricated
in three concentrations of 13, 15, and 17 wt% of polyethersulfone polymer.
Polyethersulfone/graphene oxide membrane with 15 wt% of polyether sulfone and
graphene oxide content of 0.5 wt% showed the most superior performances and was
selected as optimal membrane for treatment of milk processing wastewater. Simi-
larly, Sun et al. (2015) developed an antibiofouling membrane by in situ fabrication
of graphene oxide–AgNPs onto cellulose acetate membranes. The presence of
graphene oxide–AgNPs composite on the membrane caused an inactivation of
86% Escherichia coli after contacting with the membrane for 2 h. Compared to
modifying graphene oxide with active substances, graphene oxide hybrid mem-
branes by adding graphene oxide into polymer membranes achieve more significant
advantages on improved water flux, mechanical stability, and fouling resistance.
There is no doubt that graphene oxide hybrid membranes will provide us the new
insight on the optimization of graphene-based membranes (Table 4.5).

Fig. 4.9 Graphene oxide protective layer against foulants and active chlorine in the polyamide
membrane. (Reprinted with permission of (Choi et al. 2013))
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Table 4.5 Application, membrane performance, and other conditions of mixed-matrix graphene
oxide membranes

Membrane
material

Synthesis
technique Application Membrane performance Reference

PES/GO/PAA Solution casting Remove syn-
thetic
melanoidin
solution

54% color removal Kiran et al.
(2015)

Polycation/
GO multilayer
membrane

Self-assembly-
assisted layer-
by-layer
deposition

Remove dye
from water

The flux and retention rate
could reach 6.42 kg/
(m2�h�bar) and 99.2%

Wang et al.
(2016b)

MgSi@RGO/
PAN compos-
ite membrane

Vacuum filtra-
tion and
deposition

Desalination,
wastewater
treatment, sepa-
ration, and
purification

The membranes can
effectively reject small
molecules

Liang et al.
(2016a)

PES-GO-4 Interfacial
polymerization

Water or waste-
water treatment
applications

The PES-GO-4 mem-
brane exhibited 2.6 times
greater flux recovery than
an unmodified PES-UF
membrane

Efosa et al.
(2016)

GO/APAN
membrane

Electrospinning-
assisted layer-
by-layer assem-
bly technique

Separation of
oil–water
emulsion

This membrane exhibited
ultrahigh flux
(~10,000 LMH), prefera-
ble rejection rate (	98%),
and remarkable antifoul-
ing performance

Zhang et al.
(2017c)

Polysulfone–
Fe3O4/GO
mixed-matrix
membrane

Immersion
phase inversion

Water treatment
during the
backwashing
procedure

The novel polysulfone–
Fe3O4/GO mixed-matrix
membrane was having
3 times higher permeate
flux than the neat PSf
membrane

Chai et al.
(2016)

GO-ZnO
membranes

Double-casting
phase inversion
(DCPI)

Wastewater
reclamation

The novel membranes
exhibited higher fluxes,
with less fouling and high
rejection rate of TOCs.

Mahlangua
et al. (2016)

TA/GOQDs
TFN
membrane

Interfacial
polymerization

Wastewater
treatment, sepa-
ration, and
purification

The TA/GOQDs TFN
membrane showed a pure
water flux up to 23.33 L/
(m2�h) (0.2 MPa), and
high dye rejection to
Congo red (99.8%) and
methylene blue (97.6%)
was kept

Zhang et al.
(2017a)

(continued)
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Table 4.5 (continued)

Membrane
material

Synthesis
technique Application Membrane performance Reference

3D PPy@GO
membrane

One-step elec-
trochemical
co-deposition

Wastewater
treatment

The 3D PPy@GO
composite-coated elec-
trodes showed excellent
permselectivity of Pb2+

with a flux of 4.7 g/(m2�h)
, a current efficiency of
51.9%, and excellent
cycling stability

Gao et al.
(2017a)

PVA/PAA/
GO-
COOH@PDA

Electrospinning
technique

Wastewater
treatment and
dye removal

The PVA/PAA/GO-
COOH@PDA composite
materials showed efficient
adsorption capacity
towards the three model
dyes. The composite
membranes can be easily
separated and regenerated
from wastewater dye
solution and demon-
strated excellent
reusability

Xing et al.
(2017)

GPC ultrafil-
tration
membrane

Drop-coating
combined with
vacuum
filtration

Complex indus-
trial wastewater
streams

The membrane exhibited
an excellent rejection
coefficient of 99.2% for
methylene blue and the
permeation flux was 12 L/
(m2�h) at 0.1 bar

Wang et al.
(2018a)

CG RO
membranes

Embedding and
melting method

Desalination The RO membrane per-
formance showed that the
permeate flux of mem-
brane increased from
1.67 L/(m2�h) to 4.74 L/
(m2�h)

Chen et al.
(2017)

PVA–GA
composite
membranes

Cross-linking
and polymeriza-
tion methods

Removing an
industrial textile
dye from
wastewater

The nanofiltration mem-
brane showed lowest
fouling rate during
removal of the industrial
direct dye (flux recovery
ratio, 96.60%; reversible
fouling ratio, 23.82%; and
irreversible fouling ratio,
3.39%)

Liu et al.
(2018)
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4.5 Carbon Fiber Membranes

Since Shimpei (1986) accidentally found that carbon fibers facilitated microbial
attachment, and possessed excellent adsorption capacity for pollutants, the research
works focused on carbon fibers for water treatment were widely carried out. It was
believed that these advantages opened the “surprise door” for the application of
carbon fibers (Xu and Luo 2012; Manawi et al. 2018). Especially, carbon fiber
membranes, as one of the novel membrane materials, have been explored and
applied in recent years (Xiao et al. 2016).

4.5.1 Support-Free Carbon Fiber Membranes

The support-free carbon fiber membranes are generally obtained by forming carbon
fiber precursors into membrane shape and then stabilized and carbonized via thermal
treatment. Beck et al. (2017) prepared carbon nanofiber membranes by
electrospinning followed by carbonization (Fig. 4.10). The adsorption capacity,
permeability, and adsorption kinetics of the carbon nanofiber membranes were
about 10, 6, and 2 times larger than that of the traditional activated carbon

Fig. 4.10 SEM (top) and TEM (bottom) images of electrospun carbon nanofiber membranes
prepared from the precursors of lignin/PVA (left) and PAN (right). The insets in the TEM images
show the electron diffraction patterns. (Reprinted with permission of (Beck et al. 2017))
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membrane, respectively. However, such carbon fiber membranes usually suffered
from serious membrane fouling, limiting their application.

4.5.2 Carbon Fiber Hybrid Membranes

In order to expand the application of carbon fiber membrane in water treatment and
improve the removal efficiency of pollutants, researchers have developed a variety of
carbon fiber hybrid membranes, which combined the advantages of carbon fiber and
membrane technology, improving its treatment efficiency.

Yang and Tsai (2008, 2009) prepared carbon fibers/carbon/alumina tubular com-
posite membrane and applied it in a cross-flow electrocoagulation/electrofiltration
module for Cu chemical mechanical polishing wastewater treatment. Under the
optimal experimental conditions, the turbidity of the permeate was less than 1 NTU,
and the removal rates of total solid content, copper, total organic carbon, and silicon
were 72%, 92%, 81%, and 87%, respectively. Li et al. (2013a, b) reported their works
on domestic sewage treatment using biological carbon fiber membrane. The biological
carbon fiber membrane could effectively intercept sludge and most organic matter.
Moreover, the bio-carbon fiber inside the membrane had a strong adsorption perfor-
mance, which could further adsorb the organic matter across the membrane surface,
thus ensuring a higher and more stable removal rate of organic matter.

Besides, Tai et al. (2014) developed a novel freestanding and flexible electrospun
carbon–silica composite nanofibrous membrane. This composite membrane was more
tough than the original carbon nanofibers when the SiO2 concentration was 2.7 wt%.
They found that after coating with silicone oil, the composite membrane became ultra-
hydrophobic and superoleophilic, which enabled the membrane to serve as an effec-
tive substrate for separating free oil from water. Yue et al. (2018) fabricated layered
porous dynamic separation membranes containing primary and secondary
nanostructures by in situ growth of ZnO nanowires on carbon fibers (Fig. 4.11). The

Fig. 4.11 Fabrication process of ZnO–carbon fiber dynamic membrane. (Reprinted with permis-
sion of (Yue et al. 2018))
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membrane could switch wettability between high hydrophobicity and
superhydrophilicity by simply annealing alternatively in vacuum and air environment
(Fig. 4.12) and indicated more than 98% separation efficiency in deoiling and dewater
modes. Han et al. (2017) prepared 3D structural Fe2O3–TiO2@activated carbon fiber
membranes by a modified electrospinning process followed by a thermal treatment.
The membrane possessed high adsorption and visible light excitable photocatalytic
properties and could be used to remove dyes and heavy metal ions.

4.5.3 The Composite Membranes Using Carbon Fiber Cloth
as the Substrate

These composite membranes usually are obtained by loading various functional
materials on carbon fiber cloth, which is adopted as the substrate. They can combine
the advantages of functional materials and membrane technology. Meanwhile, the
carbon fiber substrate has good mechanical properties and can reduce the loss of
functional material in the process of water treatment.

Li et al. (2016c) successfully prepared a catalytic cathode membrane on the basis
of low-cost carbon fiber cloth with Pd-reduced graphene oxide–CoFe2O4 catalyst
(Fig. 4.13). The cathode membrane was used in microbial fuel cell/membrane
bioreactor coupling system, exhibiting great potential on simulated wastewater
treatment. Xiao et al. (2017) obtained carbon fiber/C3N4 cloth by a dip-coating
and thermal condensation method with carbon fiber cloth as substrate (Fig. 4.14).
The carbon fiber/C3N4 cloth possessed excellent flexibility and strong visible light
absorption, which displayed good treatment performance for the degradation of
flowing wastewater. To further improve the treatment efficiency, Shen et al.
(2018) inserted TiO2 between C3N4 and carbon fiber (Fig. 4.15). The carbon fiber/
TiO2/C3N4 cloth showed enhanced photocatalytic activity for degrading various
organic pollutants in comparison with carbon fiber/C3N4 cloth.

Fig. 4.12 The switchable wettability of ZnO–carbon fiber dynamic membrane when annealed in
different atmosphere and the corresponding separation capacities of oil–water mixtures. (Reprinted
with permission of (Yue et al. 2018))
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4.6 Activated Carbon Membranes

Activated carbon, as a unique multifunctional material with high surface area,
micro–meso and macroscopic structure, and various chemical functional groups, is
recognized worldwide as one of the most popular adsorbents in water treatment
(Amit et al. 2013; Danish and Ahmad 2018). Up to now, activated carbon has been
widely used in various industrial processes including food processing (Alvarez et al.
2011), chemical manufacturing (Jaria et al. 2018), pharmaceutical (Karelid et al.
2017), paper making (Ou Yang et al. 2013), etc. to remove water-soluble chemical

Fig. 4.13 The preparation process of cathode membrane. (Reprinted with permission of (Li et al.
2016c))

Fig. 4.14 Schematic illustration of the preparation process of carbon fiber/C3N4 cloth. (Reprinted
with permission of (Xiao et al. 2017))
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pollutants from inorganic and organic wastewater (Abdel-Nasser and El-Hendawy
2001; Mohammed 2011). Jacangelo (1995) found that activated carbon could adsorb
organics to prevent the formation of membrane fouling in membrane separation
processes. Several studies also demonstrated that membrane bioreactor achieved
high removal efficiency for trace organic pollutants in synthetic and real wastewater
by the use of granular activated carbon (Amaral et al. 2014; Jia et al. 2014). In this
section, the membrane materials integrated with activated carbon, including acti-
vated carbon-coated membranes, support-free activated carbon membranes, and
activated carbon mixed-matrix membranes for wastewater treatment, were described
as follows.

4.6.1 Activated Carbon-Coated Membranes

Activated carbon could be coated on membranes to enhance membrane separation
performance while removing contaminants from wastewater. Thiruvenkatachari et al.
(2006) prepared activated carbon pre-coated microfiltration hollow fiber membrane
using wood-based, coal-based, and coconut shell-based activated carbon for waste-
water treatment (Fig. 4.16). After 8 h of operation, 63% of organic pollutants were
removed by wood-based activated carbon-coated membrane, 57% by coal-based
activated carbon-coated membrane, and 56% by coconut shell-based activated
carbon-coated membrane, which were higher than that of non-pre-coated membrane.
Simultaneously, the decrease of membrane flux was prevented effectively (less than
20% of initial flux). This work strongly confirmed that the membranes coated by
activated carbon could significantly relieved membrane fouling, enhance membrane
treatment performance, and improve membrane life. Amaral et al. (2016) developed
microfiltration membranes coated by superfine powdered activated carbon for drink-
ing water treatment. The coated membranes achieved excellent removal efficiency
because superfine powdered activated carbon was more favorable for the adsorption of
pollutants due to its smaller particle size compared with conventional activated carbon.
Bae et al. (2007) designed activated carbon membrane with carbon whiskers for

Fig. 4.15 Schematic illustration of the preparation of TiO2/C3N4 heterojunctions on carbon fiber
cloth. (Reprinted with permission of (Shen et al. 2018))
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wastewater and drinking water treatments. The carbon whiskers on the activated
carbon membrane could significantly prevent the deposition and accumulation of
particles, extending membrane lifetime (Fig. 4.17).

4.6.2 Support-Free Activated Carbon Membranes

Activated carbon membrane is a novel carbon-based membrane, which not only has
excellent thermal stability and chemical stability of inorganic membrane materials

Fig. 4.16 Schematic of membrane hybrid system with pre-coated membrane. (Reprinted with
permission of (Thiruvenkatachari et al. 2006))

Fig. 4.17 Structure of an activated carbon membrane with carbon whiskers. (Reprinted with
permission of (Bae et al. 2007))
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but also has excellent electrical conductivity and rich pore structure of carbon
materials. Li et al. (2017a) designed and prepared a support-free activated carbon
membrane by mixing activated carbon, binder, pore former, and conductive agent
followed by compression modeling and carbonization. The activated carbon mem-
brane realized the integration of the triple function of adsorption/electrocatalysis/
membrane separation for deep water purification.

4.6.3 Activated Carbon Hybrid Membranes

In order to further improve membrane performance, activated carbon was also
adopted as function material to be mixed in membrane matrix. Aghili et al. (2017)
prepared a novel powdered activated carbon mixed-matrix membrane for cheese
whey wastewater treatment. This membrane integrated a powdered activated carbon
adsorption mechanism with the separation property of the polysulfone membrane,
indicating high treatment efficiency for organic matter removal. Ahmad et al. (2018)
fabricated high-performance hybrid ceramic/activated carbon symmetric membrane
to purify oily wastewater (Fig. 4.18). The hybrid Al2O3/activated carbon membrane

Fig. 4.18 Optical images of (a) Al2O3 membrane and Al2O3/activated carbon hybrid membrane.
Schematic illustration of (b) Al2O3 and (c) Al2O3/activated carbon hybrid membranes. (The SEM
image in (b) shows the particle size of the Al2O3 after sintering, while the SEM image in (c) shows
the morphological structure of the activated carbon with highly porous structure and distribution of
cylindrical-shaped pores.) (Reprinted with permission of (Ahmad et al. 2018))
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possessed complex microchannel–nanochannel networks, which achieved two times
higher porosity in comparison with Al2O3 membrane. As expected, the oil removal
efficiency of the hybrid Al2O3/activated carbon membrane could reach 99.02%. On
the whole, the development of a cost-effective membrane by doping a cheap
material, such as activated carbon, could create a complementary structure, produc-
ing strong competitiveness in wastewater treatment.

4.7 Other Carbon Materials Incorporated Membrane

In addition to these carbon materials mentioned above, several other carbon mate-
rials such as asphalt were also be adopted to prepare membranes for water treatment.
Liang et al. (2016b) used a tubular electrochemically reactive graphite membrane
acting as cathode and evidenced the advantages of coupled advanced oxidation
process (electro-Fenton reaction) for dynamic filtration. Liu et al. (2017) designed
a novel b-cyclodextrin (β-CD)-functionalized g–C3N4 composite membrane with the
integration of dual function of microfiltration and visible light-driven photocatalytic
degradation. The membrane could remove the organic dye by adsorption,
microfiltration, and photodegradation. Yvonne (2014) prepared a sulfonated asphalt
sodium alginate hybrid membrane.

4.8 Conclusion and Future Prospects

Numerous studies have been performed in membrane technologies with diverse
materials for highly efficient water treatment. Among them, carbon materials with
outstanding properties have been proven with potential benefits to prepare carbon-
based membranes and exhibit superiority over other membrane processes. To further
enhance membrane separation performance and antifouling properties, several kinds
of carbon-based membrane materials including carbon membranes, carbon nanotube
membranes, carbon fiber membranes, activated carbon membranes, graphene-based
membranes, etc. are explored for highly efficient water treatment. Various methods
including surface modification, operation parameter optimization, and technologies
combination are adopted to optimize membrane performance. All these attempts
have been proved with fruitful results and make great progress in this field.

Although these carbon-based membrane materials have exhibited promising
potential in the field of water treatment, further studies are still required to achieve
the commercial application level. The concerned challenges are listed below:

1. More advanced membrane preparation technology should be developed to fabri-
cate high-performance carbon-based membrane materials.

2. The electric assistance might speed up the corrosion of carbon-based membrane
materials, shorten the lifetime, and cause secondary pollution. Therefore,
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developing the modification technology of existing carbon materials and explor-
ing novel carbon materials with great potential are important to pursue higher
separation efficiency and better antifouling performance.

3. Besides electrochemical action, other innovative coupling processes should be
further extended.

4. The vast majority of carbon-based membrane materials are carried out in labora-
tory scale, while much efforts should be paid before the pilot- and industrial-scale
applications. In this process, the stability of carbon-based membrane materials
needs to be further investigated during long-term operation.

Thus, these issues deserve more attention for membrane researchers. Although it
would take a long time and quite great effort to resolve the remaining challenges, it is
worth affirming that carbon-based membrane materials have promising potential in
dealing with a large variety of industrial wastewater application in the future.
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Abstract Pharmaceuticals and personal care products (PPCPs) as emerging envi-
ronmental contaminants have attracted increasing attention because of their potential
adverse effects on humans and wildlife. PPCPs are frequently detected in surface and
groundwater worldwide at concentrations of ng/L or ug/L. However, traditional
activated sludge treatment process used in sewage treatment plants cannot effec-
tively remove PPCPs from water. It has been confirmed that trace PPCPs can cause

X. Wei (*) · X. Xu · C. Li · J. Wu · J. Chen · B. Lv (*)
College of Environment, Zhejiang University of Technology, Hangzhou, China

Key Laboratory of Microbial Technology for Industrial Pollution Control of Zhejiang Province,
Hangzhou, China
e-mail: xzwei@zjut.edu.cn; zjhzlbs@zjut.edu.cn

J. Wang (*)
College of Chemical Engineering, Zhejiang University of Technology, Hangzhou, China
e-mail: wangjl@zjut.edu.cn

© Springer Nature Switzerland AG 2020
Z. Zhang et al. (eds.), Membranes for Environmental Applications, Environmental
Chemistry for a Sustainable World 42, https://doi.org/10.1007/978-3-030-33978-4_5

177

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-33978-4_5&domain=pdf
mailto:xzwei@zjut.edu.cn
mailto:zjhzlbs@zjut.edu.cn
mailto:wangjl@zjut.edu.cn


fish growth malformations, sex disorders, and even death, which raises concerns
about the potential adverse effects of PPCPs. Membrane separation technologies
have been confirmed to be suitable for the removal of PPCPs from water because
they are simple to operate, effective, and economical.

This work will present a review on mechanisms, efficiency, and influence factors
of PPCPs removal by ultrafiltration membranes, reverse osmosis membranes, and
nanofiltration membranes. For ultrafiltration membranes, the removal efficiencies of
PPCPs are relatively lower. But ultrafiltration membranes can be used to treat
wastewater that contains PPCPs if they are combined with other treatment processes.
Reverse osmosis membranes can effectively remove PPCPs molecules. However,
the reverse osmosis process is not economical compared with nanofiltration mem-
branes. Normally, the main mechanisms for nanofiltration membranes to remove
PPCPs include size exclusion, electrostatic exclusion, and hydrophobic adsorption.
For nanofiltration membranes, the removal efficiencies of PPCPs are affected by
many factors, including the PPCPs characteristics, water quality conditions, and
nanofiltration membrane characteristics. Nanofiltration membranes show great pros-
pects for PPCPs wastewater treatment because of their relatively higher removal
efficiency and lower energy consumption.

Keywords PPCPs · Removal efficiency · Activated sludge · Surface water ·
Groundwater · Environmental risk · Membrane technology · Ultrafiltration
membrane · Reverse osmosis membrane · Nanofiltration membrane

5.1 Introduction

Water is the source of life and is important for our daily life. Climate change,
population growth, and increased urbanization pose major challenges for water
supply systems and place an ever-increasing demand on finite freshwater resources
(Baghbanzadeh et al. 2017; Leijon and Boström 2018; Yao et al. 2016). The World
Health Organization estimates that 844 million people worldwide lack a safe drink-
ing water source, including 159 million people who are dependent on surface water.
Normally, ammonium (NH4+), nitrite (NO2�), nitrate (NO3�), phosphorous, com-
pounds from eutrophication effects, heavy metals, natural organic matter, and some
organic molecules that have different molecular weights can be found in water.
Nutrients and natural organic matter can be removed by processes such as activated
sludge and sand filtration, and the microorganisms produced because of nutrient
enrichment can be removed via microfiltration and ultrafiltration (Chollom et al.
2017; Liu 2019; Zhang and Fu 2018). The new emerging low-concentration pollut-
ants that are difficult to degrade in water, such as pharmaceuticals and personal care
products (PPCPs), are worrisome. As emerging contaminants, PPCPs have been
detected in surface water, groundwater, and other aquatic environments around the
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world in concentrations ranging from ng/l to μg/l (Peng et al. 2014; Dai et al. 2015;
Yu and Cao 2016; Li et al. 2018a; Ma et al. 2018). Although the concentration of
PPCPs is very low, and some may be mobilized and converted into other active
(or inactive) compounds during the migration process (Yang et al. 2017), PPCPs are
easy to accumulate in organisms due to their poor degradability, which can have a
serious impact on the health of plants, animals, and humans (Kim and Tanaka 2009;
Yang et al. 2017).

The objective of this paper is to review the current situation of PPCPs in water
environments, including surface water and groundwater throughout the world, and
the harm of PPCPs to aquatic organisms to provide a clear and concise overview of
the current application of membrane technology for the removal of PPCPs. This
includes assessing cost aspects and cost-effectiveness. In particular, we provide an
overview of the potential of nanofiltration membranes for PPCPs removal.

5.2 Pharmaceuticals and Personal Care Products

PPCPs are important components of human life and include a variety of pharma-
ceutical compounds, such as Chinese medicine, analgesics, antibiotics, hormones,
analgesics/anti-inflammatories, psychiatric drugs, lipid regulators, contraceptives,
and sedatives, and personal care products, such as cosmetics, aromatics, detergents,
disinfectants, hair dyes, and hairstyling agents. The specific classes, corresponding
purposes, and main properties of PPCPs are listed in Table 5.1. Most PPCPs are
highly polar and have relatively low volatilities, making them difficult to dissipate
from water environments, resulting in the water environment becoming a “savings
bank” of PPCPs.

The use of pharmaceuticals for humans and livestock is becoming increasingly
common (Tappin et al. 2016; Tran et al. 2015) because of their beneficial properties,
resulting in their continuous accumulation in the environment, especially in water
environments (Jones et al. 2005; Nikolaou et al. 2007). The production of antibiotics
in China approached 2.48 � 105 t in 2013, which approximately tripled since 2009.
Meanwhile, the usage of antibiotics approached 1.62 � 105 t, with antibiotic
penetration in the water and soil environment at 5.0 � 104 t/year (Liu et al. 2018).
In the United Kingdom, the annual usage of acetaminophen and aspirin reached
2000 and 770 tons, respectively, resulting in a considerable increase in the possibil-
ity that they are entering the environment (Dodgen et al. 2015). Moreover, personal
care products, such as musk, cosmetics, and shading agents, are widely used by
people to improve their quality of life. Thus, the demand for personal care products
has greatly increased. For example, the amount of decamethylcyclopentasiloxane
and dodecamethylcyclohexasiloxane used as carrier solvents and emollients in
personal care products has increased tenfold in the last 25 years and accounts for
more than 225,000 and 22,500 tons, respectively (Vita et al. 2018).

After pharmaceuticals are ingested by humans or livestock, only a few are
absorbed by the body, and most are excreted via the body’s metabolism process
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via feces or are washed off during use or over time (Liu and Wong 2013; Schlüsener
and Bester 2006). These direct and indirect discharged pharmaceuticals from
humans and livestock then end up in sewage treatment plants. Compared with
pharmaceuticals, personal care products enter the sewage system more directly in
larger amounts. For example, kitchen detergents and toilet cleaners, which are
frequently used, are directly discharged into the sewer network at higher concentra-
tions. However, in addition to used PPCPs, a large number of these compounds are
directly abandoned in the environment because they expire or are discarded for other
reasons. In addition, direct or indirect discharge from industrial, hospital, and
agricultural wastewater is an important source of PPCPs. Thus, large amounts of
PPCPs molecules are accumulating in sewage treatment plants.

Normally, activated sludge treatment processes are used in sewage treatment
plants. However, most PPCPs are relatively stable and cannot be degraded by the
activated sludge treatment process, and the removal efficiencies of PPCPs in bio-
logical wastewater treatment plants are very low (Carmona et al. 2014; Kosma et al.
2014). The un-degraded PPCPs in sewage treatment plants are discharged into open
water bodies. PPCPs in open waters may be consumed by aquatic organisms,
accumulated in the organism’s body and transferred along the food chain. Eventu-
ally, PPCPs will be concentrated in surface water and groundwater (Nödler et al.
2012; Tang et al. 2015).

Thus, it is increasingly necessary to find a suitable method to effectively remove
PPCPs. Membrane technology, as a novel separation and purification technology,
plays an important role in a variety of domains. Because of their unique screening
mechanisms, membrane technologies, especially nanofiltration and reverse osmosis,
have been confirmed to be effective in removing PPCPs (Kimura et al. 2009; Lin and
Lee 2014; Radjenović et al. 2008).

5.2.1 Removal Efficiencies of Pharmaceuticals and Personal
Care Products by Sewage Treatment Plants

All domestic sewage and industrial wastewaters are treated by sewage treatment
plants before they are discharged into open water. Normally, sewage treatment
plants include screening, a regulation pool, an anaerobic pool, an aerobic pool,
and a sedimentation tank treatment unit. However, the activated sludge treatment
process has little effect on most PPCPs because most PPCPs are relatively stable and
cannot be degraded by the activated sludge treatment process, which makes the
problem of PPCPs in the water environment more serious. The concentrations of
some PPCPs detected in the influents and effluents from sewage treatment plants and
the corresponding removal efficiencies are summarized in Table 5.2. As the results in
Table 5.2 indicate, the removal efficiencies of different sewage treatment plants are
different even for the same PPCPs molecules, and the removal efficiencies are
relatively lower. Sometimes, more than half of PPCPs detected in the influents still
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remain in the effluents after the treatment by sewage treatment plants, such as estriol,
erythromycin-H2O, sulfamethazine, and amoxicillin. Antibiotics are among the most
commonly used PPCPs, and erythromycin-H2O, sulfamethoxazole, trimethoprim,
chloramphenicol, ofloxacin, and lincomycin exhibit high concentrations both in
influents and effluents. This is inextricably linked to the mass use of antibiotics.
However, they cannot be degraded easily because they are antimicrobial agents or
are specifically designed to achieve a biological response (McClellan and Halden
2010; Parolini et al. 2013). An interesting phenomenon is that trimethoprim, chlor-
amphenicol, ofloxacin, and lincomycin all have negative growth trends compared
with their concentrates in influents and effluents, which is due to the degradation of
precursors or the formation of conjugated states (Behera et al. 2011; Blair et al. 2015;
Leung et al. 2012; Martin Ruel et al. 2010). Thus, the severity of antibiotics in the
water environment is beyond doubt, and the conventional activated sludge treatment
system has serious limitations.

With improvements in medical management, the mortality of cardiovascular
disease patients is decreasing. β-Blockers are common pharmaceuticals that are
widely used to treat cardiovascular diseases. They have been detected in the influents
and effluents of several sewage treatment plants, and their removal efficiencies are
only �6.8% to 65.8%. For example, atenolol in the influents and effluents from
Korean sewage treatment plants was detected by Behera et al. (2011), and their
concentrations were as high as 11.239 and 5.911 μg/L, respectively, which are far
beyond the normal standard (for pharmaceuticals, UK PNECs are currently esti-
mated at typically 0.01 μg/L) (Gardner et al. 2012). The concentrations of sotalol
detected in the influents and effluents from Australian sewage treatment plants
ranged from 0.711 μg/L to 0.760 μg/L and showed negative growth (McClellan
and Halden 2010). This is due to the deconjugation of metabolites, transformation
products from hydrolysis, and desorption from suspended solids/sludge during
treatment processes. Similarly, sewage treatment plants cannot effectively remove
these pharmaceuticals.

Conventional sewage treatment plants not only remove PPCPs ineffectively but
are easily affected by environmental conditions, such as the environmental temper-
ature and pH (Li et al. 2016). For instance, Kosma et al. found that the removal
efficiency for bezafibrate was higher in summer than in winter at sewage treatment
plants in Greece (Kosma et al. 2014). This may be because the environmental
temperature is lower in winter than in summer, and the biodegradation kinetics are
slower at a low temperature (Ma et al. 2013).

In general, conventional sewage treatment plants are not suitable for the treatment
of PPCPs, which means that activated sludge treatment systems are not sufficient for
the treatment of the current sewage. Many researchers even believe that sewage
treatment plants are the main pathway for PPCPs release into freshwaters (Chang
et al. 2010; Tarpani and Azapagic 2018; Zepon Tarpani and Azapagic 2018).

190 X. Wei et al.



5.2.2 Pharmaceuticals and Personal Care Products
in Surface Water

Surface water is one of the most important sources of drinking water for humans,
including rivers, lakes, reservoirs, oceans, and so on. Currently, most oceans, rivers,
and lakes are polluted, although the pollution levels differ. As we know, the annual
production of PPCPs can exceed 2 � 107 tons. Most PPCPs cannot be degraded or
removed by sewage treatment plants. The massive use of PPCPs has made surface
water the most direct receptor. Some studies have shown that surface water is
seriously polluted by PPCPs (Kasprzyk-Hordern et al. 2008; Luo et al. 2014; Nakada
et al. 2007; Peng et al. 2008; Wang et al. 2015). Fortunately, because of the dilution
of precipitation and runoff, the concentration of PPCPs in surface water is basically
at the level of ng/L to μg/L (Balakrishna et al. 2017; Prasse et al. 2010; Zuccato et al.
2008). The PPCPs in surface water from different regions are shown in Table 5.3.

Currently, antibiotics, analgesics/anti-inflammatories, psychiatric drugs,
β-blockers, insect repellents, and antiseptics have all been detected in surface waters
all over the world. For example, the detection frequencies of sulfamethoxazole in the
Kenya River Basin and the Yangtze River are as high as 100% and 87.5%,
respectively. The former is attributed to the use of sulfamethoxazole for a broad
range of bacterial infections, including opportunistic infections occurring in people
with HIV in the Kenya River Basin. For the latter, the reason is that antibiotics are
extensively used in animal farming and aquaculture in the central and lower Yangtze
River. In addition, many compounds can be detected in other surface basins with
100% detection frequency, such as diclofenac, caffeine, mefenamic acid, and car-
bamazepine, indicating that PPCPs are ubiquitous in surface water (Cantwell et al.
2018; Dai et al. 2015; Hossain et al. 2018; Lin et al. 2018a; Ma et al. 2016; Sharma
et al. 2019; Wu et al. 2014). The concentrations of doxycycline, ibuprofen, caffeine,
acetaminophen, and ketoprofen are significantly higher than 1 μg/L, especially
caffeine from Costa Rican surface water, whose concentration is as high as
1.121 mg/L (Spongberg et al. 2011). Similarly, caffeine was detected in high
concentrations (0.156~2.056 μg/L) in the surface waters of China, India, and the
United States. Because caffeine can be found in various products, such as painkillers,
coffee, and tea, which can be regarded as necessities for life, it has been regarded as
an indicator of anthropogenic contaminants (Al-Qaim et al. 2015). Thus, the high
concentration of caffeine in surface water also reflects the severity of surface water
contamination by PPCPs.

5.2.3 Pharmaceuticals and Personal Care Products
in Groundwater

More than a quarter of the world’s population relies primarily on groundwater for
drinking water. However, groundwater polluted by refractory organic molecules has
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been frequently detected over the past few decades, which has attracted wide
attention (Jurado et al. 2012; Lapworth et al. 2012; Meffe and de Bustamante
2014; Sacher et al. 2001; Stuart et al. 2012). PPCPs can enter groundwater in
many ways, including embedding and recharging of contaminated surface water,
as leachates from landfills and municipal sewage pipes, and via infiltration of
chemical fertilizer. With an increasing number of research reports showing that
groundwater has been polluted by PPCPs to various degrees, the investigations of
PPCPs in groundwater have rapidly increased. Table 5.4 lists PPCPs that have a high
detection frequency and concentration for different regions.

Yao et al. thought that lower logKow compounds could more easily accumulate in
the groundwater environment (Yao et al. 2017). For example, antibiotics (sulfa-
methoxazole, ciprofloxacin, ofloxacin, and tetracyclines) with low logKow values are
frequently detected in the groundwater in the United States (Fram and Belitz 2011;
Schaider et al. 2014), Spain (Lapworth et al. 2012; López-Serna et al. 2013), China
(Lapworth et al. 2012; Peng et al. 2014; Yao et al. 2017) and Europe (Sui et al.
2015). Analgesics/anti-inflammatories can be eliminated by photodegradation and
biodegradation processes with an estimated half-life ranging from 8 to 32 days
(Tixier et al. 2003). However, analgesics/anti-inflammatory drugs are still frequently
detected in groundwater in various countries, and their concentrations are at a high
level (above 0.1 μg/L) (Lapworth et al. 2012; López-Serna et al. 2013; Sharma et al.
2019; Sui et al. 2015). This can be because these kinds of PPCPs in groundwater are
more durable and more difficult to eliminate because of the relatively reduced redox
conditions and lack of photodegradation (Peng et al. 2014). Similar to surface water,
caffeine has also been frequently detected in groundwater in the concentration range
of 0.189 to 16.249 μg/L. Although the caffeine concentration in groundwater is
lower than that in surface water, it is still much higher than the normal standard,
especially in Singapore (Lapworth et al. 2012). Additionally, N,N diethyl-m-
toluamide was also detected with 100% frequency in groundwater in Singapore
with a concentration of 3.48 μg/L, which was far beyond the normal range
(Lapworth et al. 2012).

In reports from all over the world, we know that PPCPs have been detected in
both surface water and groundwater with a high detection frequency and concentra-
tion. The pollution of PPCPs in the water environment will have potential long-term
adverse effects on humans, animals, and plants.

5.2.4 Environmental Risk

Most PPCPs molecules have strong persistence and potential bioaccumulation. After
entering the water environment, PPCPs can induce changes in the biochemical
functions of aquatic organisms, endangering the ecological environment and bio-
logical health. Many researchers have studied the environmental and biochemical
risks of PPCPs using model organisms such as fish and cells.
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Fish are the most common aquatic organisms; thus, their physiological status is
usually an intuitive manifestation of water quality (Huerta et al. 2018). Recently,
PPCPs have been detected in fish all over the world. In the United States, Huerta
et al. detected 6 pharmaceuticals from 8 species of fish in 25 polluted river locations
that are downstream of different sewage treatment plants (Huerta et al. 2018). The
bioaccumulation of 11 selected psychiatric drugs (citalopram, clomipramine, halo-
peridol, hydroxyzine, levomepromazine, mianserin, mirtazapine, paroxetine, sertra-
line, tramadol, and venlafaxine) was detected in the Zivny Stream in the Czech
Republic. Although only 6 of the 11 pharmaceuticals were detected in the water
samples, all were detectable in the liver and kidneys of the fish exposed to the
polluted stream (Grabicova et al. 2017). China is one of the countries that has the
largest production and consumption of PPCPs, and PPCPs are frequently detected in
fish (Gao et al. 2016; Liu and Wong 2013). Yao et al. collected 12 wild fish from
2 major river basins, the Pearl River and the Yangtze River of China, and detected
9 fungicides, 2 synthetic musks, and 2 benzotriazoles in their muscle and liver
tissues (Yao et al. 2018). Concentrated fish populations are the first to be affected
by a large consumption of PPCPs. However, some fish collected from sparsely
populated areas, such as Antarctica, are also affected by PPCPs. 2-Hydroxy-4-
methoxybenzophenone, propofol, and alkylphenol 4-tert-octylphenol were detected
in fish tissues 25 kilometers away from the Cape Evans research stations with
contents at 14.1, 19.2, and 5.0 ng/g, respectively (Emnet et al. 2015). This indicates
that the biological hazards of PPCPs have spread all over the world, which reminds
us that PPCPs should arouse great concerns.

Some studies have revealed that the prolonged exposure of zebra fish embryos to
some PPCPs can cause dose-dependent hatching rates, malformations, anxious
behavior, and even mortality (Wang et al. 2016; Zhang et al. 2016, 2017). For
example, Yang et al. first performed an acute toxicity test for mianserin exposure
using zebra fish embryos after fertilization. They found that mianserin exposure
reduced the body length of zebra fish larvae. Although the environmentally relevant
concentrations were much lower than the lethal doses, low concentrations of
mianserin significantly affected the early development of the fish embryos (Yang
et al. 2018a, b). More seriously, the accumulation of PPCPs not only occurs in fish
tissues and viscera but also in fish brains, which are the most important organ.
Grabicova K found citalopram, sertraline and venlafaxine in the brains of most fish
upon exposure experiments (Grabicova et al. 2014). Bisesi believed that exposure to
antidepressants (fluoxetine and venlafaxine) reduced the serotonin levels in the fish
brain, leading to a decline in fish capture capacity (Bisesi et al. 2014). Normally,
these antidepressants can affect humans through the biological chain, acting on
humans via the same mechanism.

The accumulation of PPCPs in aquatic organisms and its harm to aquatic organ-
isms highlights the risks associated with the inadvertent presence of PPCPs in the
environment. However, the sewage treatment plants are not completely capable of
removing PPCPs during treatment processes, indicating that the PPCPs in the
environment will become worse. Therefore, an effective method to remove PPCPs
is necessary.
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5.3 Pharmaceuticals and Personal Care Products
Treatment Using Membrane Technology

With more PPCPs molecules being detected in water environments, many reports
have revealed that conventional water treatment methods are outdated regarding
their removal efficiencies for PPCPs (which are relatively low). Therefore, various
methods for PPCPs removal have emerged. However, the migration of degradation
products after oxidation via advanced oxidation and photochemical degradation
needs to be studied, and there are disadvantages such as long cycle, low efficiency,
cumbersome operation, and high cost (Andrzejewski et al. 2008; Gmurek et al. 2017;
Kanakaraju et al. 2018; Sharma et al. 2018). Furthermore, advanced oxidation and
photochemical degradation both produce by-products (Esplugas et al. 2007;
Klavarioti et al. 2009), whereas physical adsorption and membrane treatment do
not produce any by-products. In contrast, physical adsorption requires periodic
regeneration because of its principle of action, and the membrane treatment method
is more practical, effective, and economical for PPCPs removal. The mechanism of
membrane treatment is generally considered to involve the principles of screening,
electrostatic repulsion, and hydrophobic adsorption. This section mainly summarizes
the PPCPs removal situation and mechanism using ultrafiltration membranes,
nanofiltration membranes, and reverse osmosis membranes. Additionally, the effec-
tive factors and future prospects for PPCPs removal via nanofiltration membranes
are also discussed.

5.3.1 Pharmaceuticals and Personal Care Products Removal
Mechanisms Using Membranes

Ultrafiltration Membranes

The removal efficiencies of PPCPs by ultrafiltration membrane are shown in
Table 5.5. The pore diameters of ultrafiltration membranes usually range between
5 and 100 nm, whose molecular weight cutoff (MWCO) ranges between 10,000 and
200,000 Da. Because of the flexibility, adaptability, and sustainability of ultrafiltra-
tion membranes, they have gained increased attention and wide application in water
treatment (Chew et al. 2018; Xing et al. 2018). Currently, many researchers believe
that the main mechanism of ultrafiltration membrane removal of PPCPs involves
hydrophobic adsorption (Comerton et al. 2007; Yoon et al. 2006). Boleda et al.
(2011) combined ultrafiltration and nanofiltration membranes to treat sewage
containing 40 kinds of pharmaceuticals. It was found that the removal rate of
17 pharmaceuticals in the 40 pharmaceuticals was more than 87% after ultrafiltration
membrane treatment, especially for azithromycin, whose removal rate was more
than 90%. Meanwhile, Garcia-Ivars et al. (2017) also found that an ultrafiltration
membrane (INSIDE CéRAM™) can effectively remove erythromycin, whose
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removal rate was approximately 70%. However, the ultrafiltration membrane only
showed good removal performance for a small part of the PPCPs (Acero et al. 2010;
Sheng et al. 2016). For most PPCPs molecules, the removal rate via ultrafiltration is
relatively low (Acero et al. 2010; Garcia-Ivars et al. 2017; Neale and Schäfer 2012;
Sheng et al. 2016; Wray et al. 2014).

The removal rate of different PPCPs via the ultrafiltration membrane varies and is
closely related to the characteristics of the PPCPs. As shown in Fig. 5.1, the
molecular weights of most PPCPs range between 200 and 400 Da, which are
relatively lower than the MWCO of the ultrafiltration membrane. Therefore, ultra-
filtration membranes remove PPCPs mainly via hydrophobic adsorption rather than
size exclusion. For example, Yoon et al. (2006) used ultrafiltration and nanofiltration
membranes to treat wastewater containing PPCPs. Their results showed that the
rejection rate of ultrafiltration was more than 40% for strong hydrophobic PPCPs,
such as aromatic ring-containing carbon groups and chlorinated nonaromatic groups
in the molecular structure; however, the rate was less than 25% for strong hydro-
philic PPCPs containing the hydroxyl and amine group. Moreover, the adsorption
capacity of ultrafiltration membranes is limited; thus, the removal rate of ultrafiltra-
tion membranes for PPCPs may be decreased as treatment time is prolonged

Fig. 5.1 Molecular weight range of pharmaceuticals and personal care products
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(Fonseca Couto et al. 2018). From a development perspective, the ultrafiltration
membrane system is not the optimal solution for PPCPs removal.

Although a single ultrafiltration system cannot effectively remove all PPCPs, the
removal efficiency of ultrafiltration combined with other processes is considerable.
Sheng et al. (2016) combined ultrafiltration and powdered activated carbon, ultra-
filtration, and coagulation to remove target pharmaceuticals (acetaminophen, caf-
feine, diazepam, diclofenac, erythromycin, ibuprofen, naproxen, sulfamethoxazole,
triclosan, and trimethoprim). The results showed that the average removal efficiency
of the pharmaceuticals from a single ultrafiltration system was only 29%. However,
the average removal efficiency for an ultrafiltration and coagulation combined
system was 33%, and a 90.3% removal efficiency was achieved for an ultrafiltration
and powdered activated carbon combined in-line membrane system. Back et al.
(2018) combined ultrafiltration and nonthermal plasma to degrade diclofenac, car-
bamazepine, and sulfamethoxazole in conventionally treated wastewater. The results
also indicated that the ultrafiltration system alone could not effectively remove the
three pharmaceuticals (46~67%), and the removal efficiency of the combined system
was considerably improved (over 90%).

Thus, ultrafiltration membranes alone are not suitable for treating wastewater
containing PPCPs molecules because the PPCPs molecules are removed only via
hydrophobic adsorption of the ultrafiltration membranes and the adsorption capacity
of the ultrafiltration membrane is limited. More importantly, the removal efficiency
of a single ultrafiltration system to treat most PPCPs is not ideal. However, ultrafil-
tration membranes could be used to remove PPCPs in combination with other
treatment processes, and the removal efficiency is considerable, which has been
confirmed by many studies.

Reverse Osmosis Membranes

Removal efficiencies of PPCPs by reverse osmosis membrane are shown in
Table 5.6. Reverse osmosis technology adds a certain pressure on the high concen-
tration side of the solution, which can change the direction of osmosis to pressure
water in the high-concentration solution to the other side of the membrane. Gener-
ally, reverse osmosis membranes are used in seawater desalination, electroplating
wastewater treatment, and brackish water treatment. Reverse osmosis membranes
are prepared via an interfacial polymerization process, and the selective layers of
reverse osmosis membranes are relatively dense and considered nonporous. Nor-
mally, the MWCO of reverse osmosis is less than 150 Da, which is less than the
molecular weight of most of the PPCPs shown in Fig. 5.1. For reverse osmosis
membranes, the main rejection mechanism is size exclusion. According to this
principle, reverse osmosis membranes could reject 100% of PPCPs molecules.
Alonso et al. (2018) used a standard spiral-wound polyamide thin-film reverse
osmosis membrane (RE2521-SHF) to remove ciprofloxacin from seawater. Eventu-
ally, ciprofloxacin removal rates were higher than 90% in all tests, and the maximum
rejection value was 99.96%. Licona et al. (2018) evaluated the removal efficiencies
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of five pharmaceuticals (acetaminophen, ibuprofen, dipyrone, diclofenac, and caf-
feine) using nanofiltration (NF90) and reverse osmosis (BW30) membranes. The
results showed that the rejection rate was higher than 98% for ibuprofen, dipyrone,
and diclofenac via treatment with a reverse osmosis membrane. In addition, the
reverse osmosis membrane could also remove approximately 92% of acetaminophen
and caffeine from water. Similarly, Urtiaga et al. (2013) found that the removal rate
of caffeine was as high as 99.5% if it was treated with reverse osmosis membranes
(LCF1-4040).

Except for size exclusion, the mechanism for reverse osmosis removal of PPCPs
is also related to the characteristics of the PPCPs and membrane materials. It has
been recognized that reverse osmosis membranes remove PPCPs via three mecha-
nisms, including size exclusion, electrostatic repulsion, and hydrophobicity adsorp-
tion (Lin 2017; Lin et al. 2014). For example, Yangali-Quintanilla et al. (2011)
found that reverse osmosis membranes (BW30LE and ESPA2) effectively removed
18 kinds of PPCPs, and the average removal rate was 85% for neutral PPCPs and
99% for ionic PPCPs. Moreover, Lin et al. (Lin and Lee 2014) investigated the effect
of pH on the removal of PPCPs by a reverse osmosis (XLE) membrane. The results
showed that a change in pH changed the surface charge of the membrane and the
ionic state of the PPCPs. If the reverse osmosis membranes and PPCPs have the
same charge, the removal efficiencies are relatively high. In contrast, if the reverse
osmosis membranes and PPCPs have opposite charges, the removal efficiencies are
relatively lower. In addition, compounds (triclosan and ibuprofen) with the strongest
hydrophobicity were found in the polyamide and polysulfone layers of reverse
osmosis membranes after filtration of simulated PPCPs wastewater, indicating that
PPCPs molecules could be rejected via the hydrophobicity adsorption effect. In
addition to size exclusion, electrostatic exclusion and hydrophobicity adsorption
also significantly contribute to the removal of PPCPs when using a reverse osmosis
membrane.

Although a reverse osmosis membrane can remove most PPCPs from water, there
are some limitations, such as low permeation, high energy consumption, poor
membrane durability, membrane fouling, and high maintenance costs (Lee et al.
2012; Shrivastava et al. 2015; Wenten and Khoiruddin 2016). Because of these
problems, reverse osmosis technology requires further research and optimization
before it can be put into practical application to remove PPCPs from water.

Nanofiltration Membranes

Removal efficiencies of PPCPs by nanofiltration membrane are shown in Table 5.7.
Nanofiltration membranes have a pore size of 0.5–2 nm and a MWCO of
200–1000 Da, and their separation properties are between those of ultrafiltration
and reverse osmosis. More importantly, nanofiltration membranes show high per-
meation flux and rejection to multivalent salts and organic molecules simultaneously
(Zhou et al. 2014). The molecular weight of most PPCPs is between the MWCO
range of nanofiltration membranes, indicating that nanofiltration is suitable for
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PPCPs removal from water (Shanmuganathan et al. 2015; Zepon Tarpani and
Azapagic 2018). Similar to reverse osmosis, the mechanisms of nanofiltration removal
of PPCPs from water also include size exclusion, electrostatic exclusion, and hydro-
phobic adsorption. First, size exclusion is always regarded as one of the most important
separation mechanisms for all polymer membranes to remove PPCPs (Comerton et al.
2008). Hydrophobic adsorption always exists because most materials used to prepare
nanofiltration membranes are hydrophobic. Thus, it is recognized that hydrophobic
adsorption can strongly contribute to the removal of PPCPs (Comerton et al. 2007;
Yoon et al. 2007). Regarding electrostatic exclusion, this is determined by the charges
on the surfaces of nanofiltration membranes and PPCPs molecules. Most nanofiltration
membranes have negative or positive charges because of the dissociation of functional
groups and the adsorption of ions from solutions, polyelectrolytes, ionic surfactants,
and charged macromolecules (Schaep and Vandecasteele 2001). Regardless of hydro-
phobic adsorption, if PPCPs are electrically neutral, the size exclusion effect will play
an important role in the rejection of PPCPs. If the surfaces of PPCPs have a charge, the
synergistic effect of size exclusion and electrostatic exclusion will determine the
removal rate of PPCPs. Chon et al. also found that the removal rates of negatively
charged PPCPs (diclofenac, ibuprofen, glimepiride, naproxen, and sulfamethoxazole)
were higher than those of nonionic PPCPs (acetaminophen, carbamazepine,
clopidogrel, Dilantin, and iopromide) or positively charged PPCPs (atenolol) if these
PPCPs were treated with a negatively charged nanofiltration membrane. In addition,
nonionic and highly hydrophobic PPCPs (carbamazepine, clopidogrel, and Dilantin)
could be considerably removed by the negatively charged nanofiltration membrane via
the hydrophobic adsorption effect (Chon et al. 2012). Thus, the mechanism of
nanofiltration removal of PPCPs changes with the nature of the membrane and target.
Actually, the rejection rate of PPCPs is influenced by water quality, membrane
characteristics, and other factors, which will be discussed below.

Compared with ultrafiltration membrane, because the MWCO range of
nanofiltration includes almost all molecular weights of most PPCPs, the
nanofiltration membrane process can considerably improve water quality, and the
removal efficiencies of PPCPs are obviously better. Compared with reverse osmosis,
nanofiltration not only has a good removal efficiency but also an improved water
permeability under the same operating pressure, which means that nanofiltration is
more efficient for dealing with PPCPs sewage with lower operating costs (Foureaux
et al. 2019). With evolving nanofiltration technology, it is believed that the removal
of PPCPs from water via this technology will be relevant in future water treatment.

5.3.2 Affecting Factors of Pharmaceuticals and Personal
Care Products Removal via Nanofiltration Membrane

The factors that affect the efficiency of PPCPs removal via nanofiltration membrane
are related to the PPCPs characteristics, the water quality conditions, and
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characteristics of the nanofiltration membranes. Regarding the characteristics of
PPCPs, most believe that larger-molecular-weight PPCPs will experience higher
removal efficiencies during the nanofiltration treatment process. In addition, many
researchers believe that the nanofiltration membranes removal efficiencies of PPCPs
are directly proportional to the hydrophobicity of PPCPs, indicating that more
hydrophobic PPCPs exhibit a higher rejection (Comerton et al. 2008; Yoon et al.
2006). However, the type and content of PPCPs in the water environment are not
controllable, and it is unrealistic to improve the removal efficiencies of PPCPs by
changing their characteristics. Therefore, we can only improve the nanofiltration
membranes removal efficiencies of PPCPs by controlling the water quality and the
characteristics of the nanofiltration membranes. Water quality conditions currently
are widely investigated, including the ionic strength, pH, temperature, and natural
organic matter. The characteristics of the nanofiltration membrane that can affect
their rejection rate include MWCO, charging performance, hydrophilicity/
hydrophobicity, etc.

Water Quality Conditions

Ionic Strength

The presence of inorganic ions in solution will affect the surface charge of
nanofiltration membrane. Inorganic ions in water can compress the thickness of
the electrical double layer of nanofiltration membrane surface and neutralize and
weaken the charge of the membrane surface (Luo and Wan 2011; Verliefde et al.
2008). For instance, Ca2+ can neutralize and weaken the negative charge of a
polyamide nanofiltration membrane surface, leading to a decrease in the rejection
for negatively charged PPCPs and an increase in the rejection for positively charged
PPCPs. Additionally, the complexation of PPCPs with ions decreases the molecular
polarity and shield-charged functional groups, leading to more PPCPs molecules
being adsorbed onto the membrane surface (Wei et al. 2016). Wei et al. (2018) used a
negatively charged nanofiltration membrane prepared via piperazine (PIP) and
trimesoyl chloride to remove six typical pharmaceuticals (primidone, carbamaze-
pine, sulfamethoxazole, atenolol, sulfadimidine, and norfloxacin) from water.
Primidone, carbamazepine, atenolol, sulfadimidine, and norfloxacin exhibited a
positive charge, and sulfamethoxazole exhibited a negative charge at pH ¼ 7. The
results showed that the rejection efficiency of negatively charged sulfamethoxazole
(pKa ¼ 5.7) decreased from 92% to 88% when the CaCl2 concentration increased
from 0 to 30 mmol/L in water (pH¼ 7). This was attributed to the adsorption of Ca2+

on the negatively charged membrane surface, which weakened the electrostatic
exclusion. However, the rejection efficiency of the other pharmaceuticals all
increased, especially for norfloxacin, whose rejection efficiency reached 94%.
Azaïs and Xu also achieved similar results (Azaïs et al. 2016; Xu et al. 2019).
Therefore, the ionic strength of the feed solution can be adjusted according to the
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actual situation to improve the removal efficiency when nanofiltration membranes
are used to remove PPCPs.

pH

The membrane charge is usually expressed with the zeta potential. If the zeta
potential is greater than zero, the membrane surface is positively charged, and
conversely, the surface of the membranes is negatively charged. The number of
charges is proportional to the absolute value of the zeta potential. However, the zeta
potential has been confirmed to be closely related to the pH of the solution
(Deshmukh and Childress 2001; Dukhin and Parlia 2012). Thus, the pH of the
feed solution directly determines the charge properties and charge quantities of the
membrane surface (Zhao and Jia 2012). Similarly, pH also affects the ionization state
of PPCPs in solution because of the existence of the acid dissociation constant, pKa
(Nghiem and Hawkes 2007; Wegst-Uhrich et al. 2014). Similar to the results
reported by Vona et al. (2015), the removal efficiencies of ibuprofen (pKa ¼ 4.91),
diazepam (pKa ¼ 3.3), and diclofenac (pKa ¼ 4.15) treated with nanofiltration
(polyamine membrane ESNA1-LF2-2540, negatively charged) increased from
80.51% to 91.38%, from 87.41% to 91.28%, and from 66.91% to 76.45%, respec-
tively, as the wastewater pH increased from 6.11 to 8.5. This can be attributed to the
amount of surface negative charge on the nanofiltration membrane, and the three
PPCPs increased as the pH increased, which further enhanced the electrostatic
exclusion effect between them. In addition, Licona et al. (2018) also found that the
removal efficiencies of ibuprofen and diclofenac via polyamine membranes (NF90)
were both over 95% when the pH in the feed solution was adjusted to 5. Thus, based
on the electrostatic exclusion mechanism, adjusting the pH value in the feed solution
and finding the optimum treatment condition during the nanofiltration membrane
process are also a feasible way to improve the removal efficiencies of PPCPs in
practical applications.

Temperature

Temperature has been regarded as one of the important factors affecting the opera-
tion of nanofiltration membranes; thus, the effect of temperature on PPCPs removal
has also been studied by many researchers. First, the MWCO of nanofiltration
membranes will increase as the temperatures increase (Arsuaga et al. 2008; Gonzalez
et al. 2019; Tsuru et al. 2000). Second, the thermal energy generated by the
temperature increase will increase the diffusivity of PPCPs and reduce the water
viscosity. Both aspects make it is easy for PPCPs molecules and water to pass
through the nanofiltration membrane. Wei et al. (2016) investigated the temperature
influence for phthalate esters (PAEs) removed from water via nanofiltration hollow
fiber membranes. With a temperature increase, the permeate flux of the nanofiltration
clearly increased; however, the rejection rate of the PAEs did not obviously change.
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The rejection of PAEs did not change because of the bucking effect between the
permeating solute molecules and the permeating flux as the temperature increased.

In general, a high temperature will allow PPCPs to more easily pass through the
nanofiltration membrane. Although some studies have shown that an increase of
temperature can increase the permeation flux and improve the treatment efficiency
while maintaining the rejection rate, increasing the temperature will result in a higher
cost. Therefore, for temperature, it is essential to find the optimum value for actual
treatment efficiency and energy consumption.

Natural Organic Matter

Natural organic matter not only can interact with PPCPs but also can affect the
performance of nanofiltration membranes. First, natural organic matter can absorb
PPCPs molecules, leading to an increase in the size of the PPCPs, and natural
organic matter can absorb into nanofiltration membrane surface pores or even into
the inner pores, resulting in narrowing of the membrane pores (Ogutverici et al.
2016; Schäfer et al. 2010). Both effects will enhance the size exclusion effect,
leading to an increase in removal efficiencies of PPCPs. Second, according to the
hydrophobic adsorption mechanism, natural organic matter, especially dissolved and
highly hydrophobic organic matter, will preempt the adsorption sites with PPCPs on
the membrane surface, resulting in a reduction in removal efficiencies of PPCPs (Lin
2017). The two conclusions contradict each other, and there is no definite explana-
tion at present. However, natural organic matter is one of the major membrane
contaminants that can reduce the service life of the membrane (Ye et al. 2018).
Natural organic matter is inevitable in natural water, and the existence of natural
organic matter can improve the removal efficiencies of PPCPs to some degree.
However, regarding nanofiltration membrane service life, it is better to remove
most natural organic matter before the water is introduced into the
nanofiltration unit.

The removal efficiencies of PPCPs by nanofiltration membrane can be improved
by adjusting the water quality conditions. However, nanofiltration membranes are
more vulnerable, and the feed water must be pretreated before it can be treated by
nanofiltration membranes to achieve the desired removal efficiencies for PPCPs and
maintain a reasonable service life for nanofiltration membranes (Yuan and Kilduff
2018).

Characteristics of Nanofiltration Membrane

Molecular Weight Cutoff

Size exclusion plays an important role in the mechanism of PPCPs removal via
nanofiltration membranes. PPCPs are expected to be widely retained via the physical
sieving effect if their molecular weights are larger than the MWCO of the
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nanofiltration membranes. Interestingly, the molecular weights of most PPCPs are
within 200–400 Da. Certainly, the rejection rate of PPCPs will significantly increase
if the MWCO of the prepared nanofiltration membrane is approximately 200 Da or
less. Yoon et al. (2007) found that a nanofiltration membrane with a MWCO of
200 Da could efficiently remove (>90%) most of the 52 PPCPs from synthetic
solution and real surface water. Similarly, Radjenović et al. (2008) used a
nanofiltration membrane whose MWCO was 200 Da in a full-scale drinking water
treatment plant to treat groundwater. The results showed that all the PPCPs mole-
cules in the feed solution were efficiently removed by the nanofiltration membrane
and the rejection rate was higher than 85%. Normally the smaller the MWCO of the
nanofiltration membrane, the higher the removal efficiencies of the PPCPs.
However, the permeation flux of the nanofiltration membrane will decrease with a
decrease in MWCO, indicating a lower treatment efficiency for wastewater and more
energy consumption.

Charging Performance

It has been confirmed that the electrostatic exclusion considerably contributes to the
removal of PPCPs by a nanofiltration membrane. Thus, it is feasible to use charged
materials to prepare or modify the nanofiltration membrane to improve the rejection
properties (Ji et al. 2012; Wu et al. 2016). Ouyang et al. (2019) prepared a dually
charged polyelectrolyte multilayer nanofiltration membrane with an active skin layer
on a polyethersulfone (PES) ultrafiltration membrane using the layer-by-layer tech-
nique using oppositely charged polyelectrolytes of polydopamine (PDA) and
quaternate chitosan (HTCC) as the polyelectrolyte. The results indicated that the
nanofiltration membranes removal efficiencies of PPCPs changed as the pH varied.
When the pH of the feed solution was adjusted from 7 to 3, the negative charges on
the nanofiltration membrane surface were transformed to positive charges, and the
rejection rate of the positively charged atenolol increased from 76.22% to 81.67%.
Conversely, when the pH of the feed solution was adjusted to 10, polydopamine with
phenolic hydroxyl deprotonation caused more electronegativity on the surface of the
membrane, enhancing the removal efficiency of the negatively charged ibuprofen
from 89.85% to 94.50%. Rana et al. (2012) prepared a novel cellulose acetate
(CA) nanofiltration membrane using charged surface-modifying macromolecules
(CSMM) as additives. The results showed that the addition of CSMM increased
the removal efficiencies of PPCPs because the negative charge density on the
nanofiltration membrane surface increased. The addition of functional additives to
improve the performance of nanofiltration membranes is also beneficial for improv-
ing the removal efficiencies of PPCPs. Many researchers have improved the
nanofiltration membranes removal efficiencies of PPCPs by adding charged mate-
rials to increase the positive and negative charges on the nanofiltration membrane
surface to enhance the electrostatic exclusion effect (Liu et al. 2019). Theory and
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results have indicated that improving the surface charge of the nanofiltration mem-
brane is beneficial for the removal of PPCPs by nanofiltration membranes from
water.

Hydrophilicity/Hydrophobicity

In actual nanofiltration application process, a higher permeation flux will result in a
higher treatment efficiency and a lower required driving pressure (lowered energy
consumption). Improving the hydrophilicity of the nanofiltration membrane surface
has been extensively studied by researchers (Bagheripour et al. 2018; Yuan et al.
2018). In addition, the hydrophilicity of the membrane surface is conductive to
improving the antifouling performance of the membrane surface and improving the
economic practicability of the membrane.

Membrane fouling will certainly become more serious with use as time pro-
gresses, which is also a major problem for a practical application process. Many
studies have found that the fouling of a nanofiltration membrane will cause a
decrease in PPCPs rejection, especially for hydrophilic-ionized and hydrophobic-
ionized compounds at low pH values because of the shield of the dominant electro-
static repulsion mechanism between the PPCPs and the nanofiltration membrane
surface causing a cake-enhanced concentration polarization phenomenon (Lin 2017;
Zhao et al. 2018). Therefore, to increase the efficiency of the nanofiltration mem-
brane to remove PPCPs from water, antifouling performance has also been investi-
gated by many researchers. For example, Lin (2018) used the concentration–
polymerization–enhanced radical graft polarization method (3-sulfopropyl methac-
rylate potassium salt and 2-hydroxyethyl methacrylate) to in situ modify the
nanofiltration membrane (NF270). The results showed that the silica fouling of the
modified nanofiltration membrane was mitigated due to the increasing degree of
grafting and hydrophilicity. In addition, the removal efficiencies of PPCPs by the
modified nanofiltration membrane improved because the grafted polymer acted as an
extra steric barrier layer, enhancing the electrostatic exclusion. An in situ radical
graft polarization technique using monomers of 3-sulfopropyl methacrylate potas-
sium salt (SPM) and 2-hydroxyethyl methacrylate (HEMA) was used to modify
nanofiltration membrane (NF90) by Lin et al. (2018b). The results showed that the
PPCPs removal by the modified nanofiltration membrane was higher than that by the
virgin membrane after sodium alginate and sodium alginate + humic acid fouling,
respectively. Additionally, the modified nanofiltration membrane exhibited consid-
erably improved fouling resistance and an increased reversible fouling percentage,
meaning that the practical and economic benefits of the modified membranes were
obvious.

Compared with the water quality conditions and the characteristics of the
nanofiltration membrane, the latter can be said to be an intrinsic factor for
nanofiltration membrane removal of PPCPs. Research on membrane performance
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improvements has continued since the invention of the membrane, especially
improvements in the MWCO, charging performance, and hydrophilicity/
hydrophobicity.

5.4 Conclusion

PPCPs are a unique group of persistently emerging environmental contaminants.
Because the consumption of PPCPs is increasing and sewage treatment plants cannot
effectively remove PPCPs, an increasing number of studies have confirmed the
presence of various PPCPs in surface water and groundwater all over the world.
However, some PPCPs are hardly removed in natural environments because of their
unique physicochemical characteristics. Although there is no direct evidence regard-
ing the impacts of PPCPs on humans, there are many studies that have investigated
PPCPs, and it has been reported that even at trace concentrations, they can result in
abnormal growth, gender disorders, inability to hunt, or even the death of aquatic
organisms. These results highlight the risks associated with the inadvertent presence
of PPCPs in the environment.

Membrane technology, as a new type of pollution-free and efficient water treat-
ment technology, is promising for the removal of PPCPs from water. For ultrafiltra-
tion membranes, the removal efficiencies of PPCPs from water are dependent on
hydrophobicity adsorption. For nanofiltration and reverse osmosis membranes, the
removal efficiencies of PPCPs from water mainly depend on the size exclusion
effect, while the electrostatic repulsion effect and hydrophobicity adsorption effect
considerably contribute to PPCPs removal efficiencies. However, nanofiltration
membranes are more suitable for the removal of PPCPs because of their MWCO
range, which includes the molecular weight of most PPCPs, and relatively lower
energy consumption.

According to the removal mechanism, the main factors affecting the removal
efficiencies of PPCPs via nanofiltration membranes include the PPCPs characteris-
tics, water quality conditions, and membrane characteristics. In general, the
nanofiltration membrane can effectively remove PPCPs from water by optimizing
the water quality and nanofiltration membrane characteristics. It is feasible to
combine nanofiltration membranes with sewage treatment plants to improve the
quality of the effluent and reduce the environmental risks brought on by PPCPs;
however, related research needs to study this further.
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vibratory systems were introduced. However, local hydrodynamics which could
better diagnose the filtration performance were often neglected by the lack of
knowledge on local measurement. To complete the knowledge on hydrodynamics,
experiments were thus carried out by particle image velocimetry (PIV) technique.
The velocity field and velocity profile were presented. Computational fluid dynamics
(CFD) simulation was developed with the same working condition as PIV experi-
ments and further discussed the velocity field. Moreover, the applications of
dynamic filtration for water treatment were also evaluated. In the food processing
wastewater treatment, dynamic filtration exhibited the high membrane permeability
and excellent antifouling capacity at 12 times protein concentration process; after-
wards most proteins in wastewater was recycled. This work provides guidance for
the hydrodynamic mechanism and application in terms of dynamic filtration.

Keyword Dynamic filtration · Hydrodynamics · Water treatment · Environmental
application

Abbreviations

CCRSM Central composite response surface methodology
CFD Computational fluid dynamics
CIP Clean in place
COD Chemical oxygen demand (mg O2 L

�1)
LDA Laser doppler anemometry
LDV Laser doppler velocimetry
LIF Laser-induced fluorescence
MBR Membrane bioreactor
MF Microfiltration
MWCO Molecular weight cutoff
MTV Molecular tagging velocimetry
NF Nanofiltration
PIV Particle image velocimetry
PLIF Planar laser-induced fluorescence
RDM Rotating disk membrane
RO Reverse osmosis
RVF Rotating and vibrating filtration
UF Ultrafiltration
VSEP Vibratory shear-enhanced system
VRR Volume reduction rate

6.1 Introduction

As there is continuous depletion of freshwater resources, the focus has been shifted
more towards wastewater recovery and recycling, which require advanced waste-
water treatment technologies. It has been proved that membrane filtration is an
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environmentally friendly technique, leading to a considerably effective, flexible
(greater flexibility in design and scale-up), and economical process (energy saving
and no additives and chemicals required). Coupled with other processes and oper-
ations, membrane filtration has been applied in the advanced process such as
clarification, purification, dewatering, and so on such as membrane bioreactor,
seawater desalination process, and so on. Depending on the membrane pore size, it
can be classified as microfiltration (MF), ultrafiltration (UF), nanofiltration (NF), and
reverse osmosis (RO), which are widely in demand especially in the field of
wastewater treatment (wastewater in power plant, pulp and paper industry, dyeing
industry, petrochemical industry, food processing and pharmaceutical industry).
Dead-end filtration (DEF) and cross-flow filtration (CFF) are traditional configura-
tions defined by the configurations of filtration modules and operating conditions.
The control of flux decline and filtration resistance is mainly determined by increas-
ing feeding flow rate and transmembrane pressure (TMP), which requires much
energy and causes nonoptimal membrane utilization. Dynamic filtration appears as
an alternative to alleviate the blocking up of filtration process. Dynamic filtration
modules have been proven to reduce filtration resistance and flux decline by
imposing high shear rates and perturbation on membrane surface. In comparison
with traditional modules, dynamic filtration modules do not only increase substan-
tially the permeate flux without a much larger inlet flow rate but also have a
favorable effect on membrane selectivity (Zhang et al. 2015; Jaffrin 2008; Ding
et al. 2015).

6.1.1 Commercial Dynamic Filtration Modules

In recent decades, various commercial dynamic filtration modules have been devel-
oped and applied in various industries (Jaffrin 2008, 2012). Dynamic filtration
modules can produce high shear rate on membrane surface by a moving part such
as a rotating membrane or a disk rotating near a fixed circular membrane or vibrating
the membrane either longitudinally or torsionally around a perpendicular axis. In
wastewater treatment by NF and RO (Akoum et al. 2004), it is important to have the
highest possible rejection. Because dynamic filtration module reduces concentration
polarization, the concentration of rejected solutes on membrane surface is lowered,
decreasing the concentration gradient and diffusive solute transfer through the
membrane, thence enhancing solute rejection rate. Conversely, concentrating a
protein solution by UF (Akoum et al. 2006) and clarification of a suspension by
MF (Beier et al. 2006) require a high micro-solute transmission, and this transmis-
sion increases in dynamic filtration module. The high shear rate caused by strong
shear effect reduces cake formation, thereby ensuring the micro-solute penetration.
At the same time, permeate fluxes keep increasing with transmembrane pressure,
because the limiting flux is extended by the reduction of concentration polarization
and keeps at a high level for the long-term operation, even at a high concentration
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protein solution, which shortens greatly the concentration time and is important for
keeping protein freshness (Jaffrin 2008).

Typical dynamic filtration systems are of three types: rotating disk/rotor
(Fig. 6.1a), rotating membrane (Fig. 6.1b), and vibratory systems (Fig. 6.1c). Rotat-
ing disk/rotor module can create a high shear rate on the membrane by a disk rotating
near a fixed circular membrane (Ding and Jaffrin 2014; Chen et al. 2019). The
performance depends upon the rotating speed and disk/rotor geometry. In rotating
membrane systems, rotating ceramic membranes generate a high shear rate that is
orders of magnitude greater than conventional filtration system and provides a high
and very stable flow rate on the membrane (Ding et al. 2006). The powerful
rotational shear prevents fouling and provides high and very stable system through-
put (Ding and Jaffrin 2014). The VSEP (vibratory shear-enhanced system, New
Logic Research, Inc., CA, USA) involves a stack of circular organic membranes
separated by gaskets and permeate collectors, installed on a vertical torsion shaft
spun in azimuthal oscillations by a vibrating base (Beier et al. 2006). The shear rate
on the membrane is created by the inertia of the retentate which moves at 180� out of
phase and varies sinusoidally with time controlling concentration polarization and
preventing membrane fouling. The critical parameter is the azimuthal displacement
of the membrane rim (Akoum et al. 2002). The use of resonance permits to minimize
the power necessary to produce the vibration, which is only 9 kW, even for large
units of 150 m2 membrane area (Jaffrin 2008). The critical flux was highest at the
maximum degree of vibration, and the permeability could keep constant when
operating below the critical flux for a 4.5-h test (Beier et al. 2006). Besides, Fane
et al. (Li et al. 2013; Zamani et al. 2013) revealed that a small looseness or swing of
vibration fibers could reduce the membrane fouling, due mainly to the additional
lateral movement of the fibers induced by the looseness. Unlike the rotating

Fig. 6.1 Laboratory pilot module (a) rotating disk module in Technological University of
Compiegne (membrane area: 460 cm2), (b) multi-shaft rotating ceramic disk membrane system
fromWestfalia Separator (total membrane area: 121 cm2) (Jaffrin 2008), and (c) VSEP module from
New Logic Research, Inc. (membrane area: 500 cm2) (Jaffrin 2012)

246 X. Xie et al.



membrane or disk system, the pressure of vibrating systems can sustain a pressure of
40 bar and permit efficient NF and RO (Jaffrin 2008).

Nowadays, numerous dynamic filtration modules have achieved commercializa-
tion, such as rotating disk/rotor, rotating membrane, and vibratory systems. The
industrial rotating rotor module OptiFilter CR is made of flat membranes fastened on
both sides of filter cassettes (Fig. 6.2a), which are stacked on top of each other. The
rotor between each cassette produces turbulence and enhances filtration capacity and
decreases the fouling effect. The OptiFilter CR is efficient for treating water effluents
and producing recycled water in the paper industry (Luo 2012). The multi-shaft disk
module (Westfalia Separator) (Fig. 6.2b) with eight parallel shafts and 31.2 cm
ceramic disks is another commercial application of a rotating membrane system.
Overlapping membrane disks did not much enhance permeate flux, due to the high
concentration between two adjacent and overlapping membranes (Ding et al. 2006).

Fig. 6.2 Industrial dynamic filtration module: (a) rotating disk (OptiFilter CR, Metso paper), (b)
rotating membranes (multi-shaft disk module (Westfalia Separator) (Jaffrin 2012), and (c) VSEP
(Courtesy of New Logic Research, Inc.) (Jaffrin 2008)
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With the modification of replacing the ceramic disk on one shaft by metal disks with
vanes, it can avoid local overconcentration, increase permeate flux, and save energy
and cost (He et al. 2007). The most widely used VSEP system is the series i84
(Fig. 6.2c). With up to 150 m2 of membrane area in each filter pack, the i84 is the
ideal module size to process larger flow rates (Luo 2012). More than 400 large
industrial VSEPs with a membrane area of up to 150 m2 of the membrane have been
installed worldwide since 1992 in a large variety of applications (treatment of landfill
leachates, biogas effluents, ethanol silage, etc.). Sarker designed and developed the
rotating disk membrane (RDM) module (Sarkar et al. 2011) and spinning basket
membrane (SBM) module (Sarkar et al. 2012). The module has the facility to rotate
membrane and the stirrer in the opposite direction to provide maximum shear in the
vicinity of the membrane. However, their rotating speed is less than 300 rpm for the
stirrer and less than 100 rpm for the membrane, which is too low for industrial
application. The biggest problems of dynamic filtration system industrialization are
the small membrane area for some modules and high equipment cost; thus, further
studies should be directed towards solving these problems.

6.1.2 Advantages and Drawbacks

As an alternative to dead-end filtration and cross-flow filtration, dynamic filtration
does not only increase substantially the permeate flux but has a favorable effect on
membrane selectivity and concentration factor, which allows very viscous concen-
trates and high water recovery during wastewater recycle. It also permits to decouple
membrane shear rate from the inlet flow rate into the module, which can be varied
independently and does not need to be much larger than the filtration rate, thus
avoiding pressure drop appearing in the tubular or spiral-wound modules. Clarifica-
tion of a suspension by MF requires a high micro-solute transmission, and this
transmission is increased in dynamic filtration, which reduces cake formation by
combining a high shear rate with a low transmembrane pressure. Moreover, in
wastewater treatment by NF and RO, since dynamic filtration reduces concentration
polarization, the concentration of rejected solutes at the membrane is lowered,
reducing the concentration gradient and diffusive solute transfer through the mem-
brane and therefore increasing solute rejection rate and improving permeate quality.
At the same time, permeate fluxes keep increasing until high pressures, as the
pressure-limited regime is extended by the reduction of concentration polarization
and very high fluxes can be obtained at high transmembrane pressure (Jaffrin 2008).

The drawbacks are the complexity and limitations in membrane area for some
systems, such as cylindrical rotating membranes or multi-compartment rotating disk
systems, which raise the equipment cost. Moreover, the energy cost for dynamic
filtration also needs further optimization.

For recycling industrial wastewater by dynamic filtration, there are very few
investigations in both academic research and industrial applications, especially for
dynamic filtration NF process. Although the cake fouling is minimized by high shear

248 X. Xie et al.



rate, flux decline and membrane fouling cannot be avoided in this process. The
investigations about flux and fouling behavior and mechanism for dynamic filtration
are quite necessary, in order to promote the applications of this powerful tool in
environment and energy aspects.

6.2 Hydrodynamic Study in Dynamic Filtration Module:
Simulation and Local Study

In dynamic filtration system, fouling limitation and reduction highly depends on the
complex hydrodynamics which is generated by the geometrical configuration of cell,
mixing device, and operating conditions as well as the rheological behavior of the
fluid. Therefore, gaining insight into local and global hydrodynamics will highlight
the process performances.

6.2.1 Brief Overview of the Accesses to Local Hydrodynamics

Global hydrodynamic investigation refers to the study of liquids in general motion,
since it can partly explain the influence on hydrodynamic parameters, e.g., pressure,
temperature, flow rate, and residence time distribution. However, local hydrody-
namics, e.g., flow pattern and behaviors, which could better diagnose the system
performance, were often hidden by the lack of knowledge on local measurement.
From the experiment point of view, the optical visualization technique is recently
becoming more and more popular for accurate and reliable local measurement.
Further information such as velocity distribution, local shear, concentration field,
and temperature field could be provided by using optical measurement. These kinds
of imaging methods capture two-dimensional or three-dimensional images of the
particles at two or more instants; the velocity is calculated from the particle dis-
placements of the images. These techniques are based on tracking the motion of
seeded particle groups (particle image velocimetry) or individual particles (particle
tracking velocimetry) (Dan-Xun et al. 2013). Molecular tagging velocimetry (MTV)
and planar laser-induced fluorescence imaging (PLIF) are methods for determining
the velocity of currents in fluids by tagging specific molecules and tracking its
displacement by image technique. There are three optical ways via which these
tagged molecules can be visualized: fluorescence, phosphorescence, and laser-
induced fluorescence (LIF) (Gendrich et al. 1997). Laser Doppler velocimetry
(LDV), also known as laser Doppler anemometry (LDA), is one of the techniques
of using the Doppler shift in a laser beam to measure the velocity in the transparent
or semitransparent fluid or the linear or vibratory motion of opaque, or reflecting,
surfaces (Kilander and Rasmuson 2005).
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6.2.2 Study of Local Hydrodynamics by Applying PIV Within
RVF Module

In this chapter, a case study of a local hydrodynamic investigation by PIV measure-
ment is presented within a dynamic filtration module called rotating and vibrating
filtration (RVF) (Xie 2017). The RVF laboratory module consists of two identical
filtration cells (Fig. 6.3a shows one filtration cell, volume 0.2 L per cell, 1.5 L in
total) in series, including two flat disk membranes fixed onto porous plates which
drain the permeate and impeller-shaped rotating bodies attached to a central shaft
(Fillaudeau et al. 2007). It can install four membranes in total (two for each filtration
cell), with filtration area 0.048 m2. Each cell (Fig. 6.3b) includes a three-blade
impeller (flat blade, diameter ¼ 138 mm, thickness ¼ 8 mm) driven by a central
shaft continuously rotating (up to 50 Hz) in a 14 mm gap between two porous
substrate plates (membrane support in metal) which drains the permeate. This
configuration gives a 3 mm gap between the impeller and the membrane surface.
This simple mechanical device runs continuously and generates high shear stress as
well as a hydrodynamic perturbation in the small membrane-to-impeller gap trans-
membrane pressure (up to 300 kPa), and rotation frequency can be adjusted to
optimize the operating conditions.

In this case study, hydrodynamics in the cell was investigated by particle image
velocimetry (PIV) in laminar flow for the first study. To achieve laminar flow
regime, 40% (w/w) diluted BREOX solution was chosen as a test fluid
(μ ¼ 0.81–0.85 Pa�s, Cp ¼ 3274 J/(kg��C) and ρ ¼ 1067 kg/m3 at T ¼ 20 �C);

Fig. 6.3 The filtration cells and the RVF (rotating and vibrating filtration) module, mixing rate:
0 < N < 50 Hz, filtration area: S ¼ 0.048 m2 (4 membranes), diameter of the membrane: D ¼ 62/
135 mm, thickness of impeller ¼ 8 mm (Xie 2017). (a) Schematic diagram of the filtration cell.
(b) Filtration cell with the matte impeller. (c) The RVF module
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rotation speed was controlled at N ¼ 2 Hz. The temperature of the feeding tank was
controlled at 20 �C by adjusting the thermostat; the room temperature was air
controlled at 20 � 1 �C. By analyzing the PIV raw images, the instantaneous
velocity fields (from single images pair) and time-averaged mean velocity fields
(from 1000 image pairs) were computed at horizontal plane (6 x�y plane within
membrane–impeller gap). To acquire the mean velocity fields in this rotating system,
the optical trigger plays a key role in these measurements because it synchronizes
and governs the laser generator and the camera with the position of one specific
blade.

Figure 6.4 provides an overview of the magnitude of velocity fields. In our
experimental conditions, maximal impeller velocity was equal to 0.87 m/s at
R ¼ 69 mm (N ¼ 2 Hz, dm ¼ 138 mm). Raw PIV images (Fig. 6.4a, d) show the
constant position of the impeller and the homogeneous surface density of fluorescent
particles for z1 ¼ 0.25 (close to membrane) and z6 ¼ 2.75 (close to impeller) mm.

In terms of flow pattern, instantaneous (Fig. 6.4b, e) and mean (Fig. 6.4c, f)
velocity fields could be compared. Figure 6.4b, c presents the lowest velocity
magnitudes, whereas Fig. 6.4e, f exhibits the highest values (close to the impeller
velocity). As expected, mean velocity fields present a uniform and regular flow
pattern. Jiang et al. (2013) also introduced a PIV measurement by using pine pollen
tracing in water (turbulent flow) with a rotating membrane bioreactor. This mem-
brane module was consisted of nine identical flat sheets vertically in a cylindrical
reactor, with an internal diameter of 240 mm and an effective volume of 13 L. Under
these conditions, mean velocity fields showed a clear and stable velocity gradient in
the radial direction with time-averaged velocity plot. In our study, similar observa-
tions were found:
• The velocity around the central shaft was organized and close to zero. Feeding

fluid went through the RVF module along the central shaft vertically (z direction)
from the bottom to the top, and governing velocity vector was at the z direction,
so velocity close to the central shaft in the horizontal (x�y) plane was almost zero.

• Velocity gradient increased in the radial direction from inner to outer diameters,
but velocity remained nearly equal to zero at the maximum diameter R ¼ 70 mm
(fluid was stationary close to the surrounding wall, no-slip boundary conditions at
the fluid–solid interface). This observation was verified for both positions,
z1 ¼ 0.25 and z6 ¼ 2.75 mm.

• Velocity magnitude close to the inner diameter, R ¼ 25 mm, remained inferior to
0.1 m/s, whereas shaft velocity was equal to 0.31 m/s.

• Velocity fields likely had periodic movements generated by the specific shape of
the impeller. Maximum fluid velocities (Fig. 6.4c, f) were found near the leading
edge of the blade. At R ¼ 65 mm, the maximum values were 0.15 and 0.45 m/s
for z1 ¼ 0.25 and z6 ¼ 2.75 mm, respectively, while the impeller velocity was
0.82 m/s. However, the maximum value of the velocity fields z1 ¼ 0.25 and
z6 ¼ 2.75 mm was at R ¼ 55–60 mm, with 0.21 and 0.58, respectively.

• At the surrounding wall (R > 65 mm to the surrounding wall), velocity decrease
from 0.35 to 0.2 was observed.
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Fig. 6.4 Illustration of PIV raw images in horizontal measurement (a and d), instantaneous
velocity fields (b and e, issued from single image pair), and time-averaged velocity fields (c and
f, averaged of 1000 image pairs) in the RVF module. Slice positions: z1 close to the wall (a, b and c)
and z6 close to the impeller (d, e and f); operating conditions: Qf ¼ 45 L/h, N¼ 2 Hz; μ¼ 0.85 Pa�s
and T ¼ 20 �C. Symbols: ⃝, leading edge and Δ, trailing edge of the blade (Xie et al. 2018)
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6.2.3 Hydrodynamic Investigation by CFD

Navier–Stokes equations can be easily and rigorously solved in the laminar regime
without any approximation. On the contrary, it is not possible to perform DNS
(direct numerical simulations) in turbulent regime except for very simplified geom-
etries. Even if there exist a number of models for turbulent flow generally based on
Reynolds decomposition, such as the commonly used k-eps model, we restrict the
numerical study to laminar flow. In this case, CFD gives access to velocity in x, y,
and z coordinate; result present in this part is velocity magnitude in the x–y plane
associated with PIV measurements.

In Fig. 6.5, velocity fields at six slices are plotted to appreciate velocity magnitude
and deviation. A first qualitative approach (Figs. 6.4 and 6.5) is presented to compare
the simulated and experimental velocity fields:
• Velocities were nearly equal to zero when the flow layers were close to the wall

(z1), while the closest to the impeller present the highest values (z6).
• Velocity was nearly zero close to the central shaft and the surrounding wall

(R ¼ 70 mm) of the filtration cell.

Fig. 6.5 Velocity fields in CFD simulation with six slices, from z1 (a) to z6 (f). Operating
conditions: Qf ¼ 45 L/h, N ¼ 2 Hz; BREOX solution, μ ¼ 0.85 Pa�s and T ¼ 20 �C (Xie 2017)
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• Maximum velocities occurred at leading edge at R ¼ 55–60 mm of the impeller
for (a), (b), (c), and (d) which has been found also in Fig. 6.4, but for (e) and (f), it
was found above the blade body.

• Differences between PIV and CFD might come from the precision and uncer-
tainty of measurement, and as we have described, adjusting the measuring plane
might have �0.25 mm error due to the thickness of the laser sheet.

To conclude this part of the PIV experiment and CFD simulation which were
conducted under a certain condition, they both gave the velocity distribution at
slices. Velocity maps of PIV measurements were favorably in agreement with
CFD simulations, which not only verified the simulation process but also gave us
the possibility to further study the major factor of fouling removal (mean shear
stress, wall shear stress, flow pattern, etc.). In the future study, research would be
focused on investigating the wall shear on the membrane (wall shear) and flow
motion in the filtration cell.

6.3 Applications in Food Processing Wastewater Treatment

Generally speaking, wastewater from food processing plant contains some nutritional
matters. Membrane separation treating food processing wastewater could recover
these nutritional matters, produce reusable water, and recycle wastewater. For exam-
ple, dairy wastewater and alfalfa wastewater, from the production processes of milk
and leaf proteins, contain plentiful milk proteins and leaf proteins. Using membrane
technology, milk and leaf proteins can be separated and recovered. However, during
the filtration process, these proteins caused serious membrane fouling, whereas it was
difficult to maintain the high flux by the traditional cross-flowmodule for a long term.
Dynamic filtration has been applied for the treatment of food processing wastewater
and protein recycling. The results showed that with high shear effect, foulants could
be controlled effectively, and flux was sustained at a high level.

6.3.1 Alfalfa Wastewater Treatment

Alfalfa is an important vegetable protein for animals and human consumption
industrially obtained from alfalfa juice. The alfalfa processing factory, just as
many other food process industries, can generate plenty of wastewater (Firdaous
et al. 2009; Volenec et al. 2002; Zhu et al. 2017). This alfalfa wastewater, including
diluted alfalfa juice and machine cleaning agents, results in both nutrient loss and
water eutrophication, if it is discarded without effective treatment. In fact, with the
high content of leaf protein and high nutritive value (absence of animal cholesterol
and 50% hydrophilic proteins) (Xie et al. 2008; Lamsal et al. 2007), alfalfa
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wastewater can be recognized as resource recovery for agricultural irrigation water
production and protein recycling.

Zhang et al. (2017a, b) used shear-enhanced dynamic filtration (RDM) to pretreat
alfalfa wastewater to realize protein recovery and agricultural irrigation water
production. As showed in Fig. 6.6, the leaf proteins in alfalfa wastewater were
rejected by RDM-UF and concentrated into retentate. This high protein concentrated
lipid could be used to prepare feed supplement for animals with coagulation. At the
same time, the permeate with low micro-pollutant concentration was suitable for
agricultural irrigation. In order to study the effect of operational conditions, the
rotating speed, temperature, and mean transmembrane pressure on filtration behavior
were investigated using full recycling tests. Six UF membranes (5, 10, 20, 30,
50, and 100 kDa) with various MWCOs (molecular weight cutoffs) were compared.
Flux, pollutant removal (COD, TN, oBrix, NTU, dry matter, ash, and permeability
recovery (after membrane cleaning) were utilized to estimate the filtration perfor-
mance. Ultrafiltration (30 kDa), with good separation performance, excellent flux
behavior and high permeability recovery, was a good option for alfalfa wastewater
pretreatment. Besides, there was a threshold flux in all flux-transmembrane pressure
profiles. Below it, fouling rate kept at a low rate and flux increased with transmem-
brane pressure linearly. Exceeding it, fouling rate enhanced and flux tended to
become a stable value. Furthermore, rotating speed (500–2500 rpm) and temperature
(25~55 �C) reinforced flux behavior and productivity, however decreased separation
efficiency. Afterwards, a series of concentration tests for long-term filtration was
performed at various operating conditions, and the filtration behavior was studied. In
this process, 12 L alfalfa wastewater was concentrated to 1 L, and leaf proteins were
concentrated to 12 times. As displayed in Fig. 6.7, great concentration polarization
was formed, but flux could still maintain at a high level (larger than 90 L m�2 h�1),
because of shear effect on the membrane. In addition, high temperature could
improve flux behavior and productivity significantly. As shown in Table 6.1,
30 kDa UF membrane only took 2.22 h to get 12 times concentration effects and

Fig. 6.6 Schematic diagram of a UF process for alfalfa wastewater treatment and resource
recycling (Zhang et al. 2017b)
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the productivity reached 9.36 L h�1 m�2 bar�1. Thus, dynamic filtration can
effectively pretreat alfalfa wastewater and recover wasteful proteins.

Hermia’s blocking model was also utilized to study the fouling process and
identify the main fouling mechanism. Internal pore blocking, intermediate pore
blocking, and cake formation occurred simultaneously in alfalfa wastewater
pretreatment. During this filtration processes, the intermediate pore blocking was
dominant at the beginning, because some small leaf proteins entered the membrane
pores and narrowed them. After that, more large proteins, lipids, and cleaning agents
deposited on the membrane surface, sealing membrane pores, and membrane pores
were further narrowed, producing internal pore blocking. At last, because of narrow
pore sizes, more foulants accumulated on the membrane surface and formed cake
layer, increasing hydraulic resistance.

Central composite response surface methodology (CCRSM) was used to analyze
the effect and interaction of operation conditions (feed flow rate (A), mean trans-
membrane pressure (B), shear rate (C), and temperature (D)) on pollution reduction
and protein recovery, membrane fouling behavior, and energy cost evaluation. Then
their fitting models were established as follows:

Fig. 6.7 Flux behavior and COD in permeate with VRR at different transmembrane pressure
(Zhang et al. 2017b)

Table 6.1 Operation time and productivity for concentration tests at 6 bar and 2500 rpm (Zhang
et al. 2017b)

VRR ¼ 12 (concentrated volume ¼ 12 L) Operation time (h) Productivity (L h�1 m�2 bar�1)

UH030P + 55 �C 2.22 9.36

US100P + 25 �C 3.25 5.96

UH030P + 25 �C 4.88 4.26
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COD rejection ¼25:39� 0:33Aþ 0:68B� 0:75Cþ 1:37Dþ 3:36AB� 0:14AC

þ 4:92ADþ 1:24BCþ 0:93BDþ 0:99CD

ð6:1Þ
Crude protein rejection ¼66:18� 0:93A� 0:74Bþ 0:17Cþ 0:47Dþ 2:00AB

� 0:48ACþ 2:50ADþ 0:89BCþ 0:12BDþ 0:63CD

ð6:2Þ
Flux ¼110:48� 1:19Aþ 40:39Bþ 17:10Cþ 5:35Dþ 0:58AB

þ 2:06ACþ 0:94ADþ 1:05BCþ 1:33BD� 0:82CD
ð6:3Þ

Fouling resistance ¼1:5610 þ 1:249Aþ 3:79B� 2:039Cþ 1:1510Dþ 1:2610AB

� 3:968ACþ 8:649ADþ 1:769BCþ 2:729BD� 2:569CD

ð6:4Þ
Permeability recovery ¼73:90þ 1:20A� 1:52Bþ 6:52C� 0:88Dþ 0:21AB

þ 0:21AC� 0:21ADþ 0:21BC� 0:21BD� 0:21CD

ð6:5Þ
Energy cost ¼201:34� 2:12Aþ 109:30B� 91:39Cþ 9:42D� 0:54AB

� 3:72AC� 22:18AD � 20:56BCþ 4:28BD� 3:07CD
ð6:6Þ

Moreover, the optimized operation conditions calculated by CCRSM were
Q ¼ 60 L h�1, γ ¼ 220 � 103 s�1, transmembrane pressure ¼ 5.61 bar, and
T ¼ 25 �C. In addition, as illustrated in Table 6.2, the concentration test was
conducted with these parameters, and the results showed that experimental and
predicted values of the response at optimized operation conditions were similar.

6.3.2 Dairy Wastewater Treatment

The dairy industry, like most other food industries, produces a large volume of
wastewater, essentially composed of diluted milk, which is responsible for a 1–3%
loss in milk components (lactose and proteins) (Vourch et al. 2008). Moreover, dairy
wastewater also contains much chemicals (acids, alkalis, and detergents), most of
which coming from clean in place (CIP) systems (Fernández et al. 2010). This
effluent results in water eutrophication and is hazardous to aquatic life and soils,
causing significant environmental problems when it is discarded without treatment.
Dairy wastewater can be separated by membrane technology to produce reusable
water, and the concentrates could be reutilized as a feed supplement for animals or
substrate for biofuel production. However, for traditional membrane module, serious
membrane fouling caused by various foulants, especially for milk proteins, limited
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its further concentration. Dynamic filtration was used to overcome concentration
polarization and membrane fouling to achieve higher concentration times and
greater flux.

In order to improve the process efficiency, the feasibility for operating at extreme
hydraulic conditions was studied. As shown in Fig. 6.8, since dynamic filtration
produced very high shear rate to reduce concentration polarization, permeate flux
could increase continuously along transmembrane pressure rise from 10 to 40 bars.
Under extreme hydraulic conditions of highest transmembrane pressure (40 bars)
with high shear rate (2000 rpm), as displayed in Fig. 6.9 and Table 6.3, the dynamic
filtration system could produce an excellent quality permeate and save energy, due to
its very high permeate flux. As showed in Fig. 6.10, the pH variation of dairy
wastewater had a large effect on the separation rate of NF. Operating at acid pH
resulted in low salt removal, and for alkaline pH, membrane fouling could be
alleviated, but permeate flux decreased due to severe concentration polarization.
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Fig. 6.8 Effect of shear rate and transmembrane pressure on permeate flux (a) at VRR ¼ 1, (b) at
VRR ¼ 4 (35 �C) (Luo et al. 2010)
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Fig. 6.9 Comparison of
permeate flux between the
model solution and real
effluents with different
pH. Transmembrane
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speed ¼ 2000 rpm;
T ¼ 35 �C (Luo et al. 2010)
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Therefore, at alkaline pH, the extreme hydraulic conditions could be used to improve
the process efficiency of dynamic filtration for dairy wastewater treatment.

For the long-term filtration process, dynamic filtration process under extreme
hydraulic conditions, as illustrated in Fig. 6.11, after the stable flux period, a slow
flux decline for NF process caused by surface adsorption of foulants (lactose,
multivalent salt ions, and their aggregates) occurs. In this adsorption fouling stage,
pore narrowing and blocking governed by foulant–membrane interaction is the main
fouling mechanism. In the absence of chemical cleaning, this adsorption fouling can
induce cake fouling formation by inorganic–organic aggregates, resulting in severe
flux decline.

For the foulants produced by the components in dairy effluents, Fig. 6.12 presents
that casein micelles can bind heavy metal; whey proteins are dominant foulant for
cake formation as “backbone”; calcium ions are the “bond” for fouling layer; lactose
is the dominant foulant for pore adsorption and plugging, as “substrate” of fouling
layer.

Table 6.3 Comparison of treatment results between the model solution and industrial effluent (Luo
et al. 2010)

Index

Model solution Batch 1 Batch 2

Feed/permeate

Turbidity (NTU) NA/0.57 101/0.56 100/0.57

COD (mg O2 L � 1) 36,000/54 297/<15 580/<15

Conductivity (μS cm � 1) 2170/685 1084/525 1516/317

pH 6.84/6.62 8.72/7.90 9.56/9.00

Operation time (h) 1.717 1.867 2.083

IF (%) 21.88 26.87 13.40
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pressure at different pH values (Luo et al. 2010)
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6.4 Conclusion

Some dynamic filtration modules, including rotating disk/rotor, rotating membrane,
and vibratory systems and other derivative types, have been introduced in this study.
Firstly, a brief overview of popular dynamic filtration modules was proposed.
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Fig. 6.11 Schematic diagram of the fouling mechanism for wastewater treatment by BF under
extreme hydraulic conditions (Luo et al. 2012a)
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Fig. 6.12 Schematic of foulant behavior on NF membrane when (a) with casein (Kruif et al. 2012),
(b) without casein (Luo et al. 2012b)
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Compared to the traditional filtration modes, dynamic filtration modules generated
more complex hydrodynamics in the filtration cell, and membrane fouling and cake
layer were likely reduced during the process.

To give insight to this hydrodynamics, a study by PIV experiment and CFD
simulation under laminar flow was carried out to investigate the flow behaviors in the
dynamic filtration module. Maximum velocity occurred close to the impeller blade,
and the fluid was almost stationary close to the membrane surface and the surround-
ing wall. It can therefore be assumed that high value of shear stress could be
generated due to the large deviation of the velocity distribution. A very limited set
of publications are available that reported the help of hydrodynamics. Further study
might include velocity, shear stress, streamline, and the effect of mechanical damage
on microbial substrate.

Applications in wastewater treatment in food process industry were thereafter
presented for two purposes: (i) water purification and (ii) waste recycling. For
example, the dairy wastewater treatment and alfalfa juice filtration, dynamic filtra-
tion was able to overcome the high protein fouling and keep at a great permeability
even for very high protein concentration; thus, most of the protein could be cycled by
dynamic filtration.

The recent development of the membrane filtration highlights the combination of
biochemical, thermochemical, or other water processing. It was found that process
combinations (membrane–hybrid process) give more enhanced removal efficiency
than the single process. For example, MBR (membrane bioreactor) is with a mem-
brane module coupled with (or submerged in) a bioreactor, which combines biolog-
ical/chemical substance removal utilizing activated sludge and membrane separation
at the same time, and it has been widely used in the wastewater treatment process. As
well as novel membrane materials and module configurations, it might significantly
improve process productivity and reduce energy consumption.
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Chapter 7
Membrane Preparation for Unconventional
Desalination by Membrane Distillation
and Pervaporation
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Abstract The treatment of concentrated saline effluent has been a great challenge
in the industry, where traditional desalination techniques and membrane processes
can be energy-intensive with high operational cost. In the past decade, research
and development into alternative membrane processes and technologies that are
energy-efficient for desalination purposes have been thoroughly explored. For exam-
ple, membrane distillation and pervaporation are driven by the temperature gradient
across themembrane. This special feature has shed lights on the potential utilization of
low-grade energy as the driving force of these membrane processes and suggested
a prospective application of concentrated saline effluents treatment. The desirable
characteristics of the membranes dedicated to membrane distillation and perva-
poration have very distinctive features than membranes for traditional membrane
processes. Herein, we present a comprehensive review on the current state of uncon-
ventional desalination scenarios, along with their obstacles. This chapter will explore
the desired characteristics of membranes, the preparation of membranes, and surface
engineering, in order to serve the special requirements of membrane distillation and
pervaporation. In the end, we will share some perspectives into the future trend of
membrane distillation and pervaporation, regarding the design and preparation of the
membranes specific to these technologies, as well as other potential applications as
concentration technology in food engineering and pharmaceutical industries.

Keywords Unconventional desalination · Membrane distillation · Pervaporation ·
Food engineering · Pharmaceutical industry

7.1 Introduction

Conventional desalination applications are usually referred as the treatment of
seawater and brackish water. Most abundant ions present in seawater are sodium
(Na+), chloride (Cl�), sulfate (SO4

2�), magnesium (Mg2+), and calcium (Ca2+), with
total dissolved solids (TDS) level roughly around 35,000 ppm. The desalination of
seawater by reverse osmosis has now become a robust membrane process with the
best energy efficiency among all the other traditional desalination techniques. On the
other hand, unconventional desalination is usually referred to the treatment of saline
effluents and brine from multiple sources, such as oil and gas produced water, and
the concentrated brine from previous membrane discharge, which reverse osmosis is
unable to cope with due to its high salinity and complex nature.
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Membrane distillation and pervaporation are the two emerging membrane tech-
nologies. Even though they have higher specific energy consumption than conven-
tional desalinations (Gopi et al. 2019; Miladi et al. 2019), they can utilize low-grade
heat (e.g., industrial surplus heat, solar thermal, geothermal heat) as the energy input
(Li et al. 2019c). Their unique features offer great potential in treating highly
concentrated saline effluents that are difficult to be handled by conventional desali-
nation operations. While these two processes show similar operating conditions and
configurations, the mass transfer mechanism can be considerably different, leading
to distinctive design criteria of the membranes. Nonetheless, several issues still need
to be addressed for these two processes, hindering their deployment for real brine
treatment.

To the best of the author’s knowledge, there has not been a review article
emphasizing on the preparation of membranes particularly regarding unconventional
desalination application by membrane distillation and pervaporation processes.
Herein, we present a critical review on the current state of these two processes on
the treatment of saline effluent, by briefing the current choices and limitations for
unconventional desalination by membrane technology to start with, particularly
focusing on the treatment of produced water from the oil and gas industry. Then
we proceed to the introduction of membrane distillation and pervaporation technol-
ogies, outlining their similarities as well as their differences in terms of transport
mechanism. The current state of the treatment of hypersaline effluent and produced
water by these two technologies will be elucidated, alongside with their limitations.
Then we underline some specific design criteria on the preparation and modification
of the membranes for membrane distillation and pervaporation technology. Last but
not least, inspired by the special features from these two processes, some perspec-
tives on the future application other than desalination will be highlighted.

7.2 Characteristics of Water from Unconventional
Desalination Applications and Current Choices
of Membrane Treatment Processes

The scope of this chapter will focus on the characteristic of saline effluent other than
seawater and brackish water, such as produced water from oil and gas industry, and
RO brine. The characteristics of the saline effluents differ greatly from their types,
sources, and geological locations. This review paper focuses on the discussion of the
characteristics for the unconventional saline effluents, regardless of their geograph-
ical locations, as well as their current membrane treatment choices.

Produced water is a coproduct in the petroleum industry where water is injected
into porous reservoir media of oil and gas, maintaining the hydraulic pressure
(Igunnu and Chen 2012), which is also known as oilfield brine. The treatment of
produced water is critical, considering the toxic nature of it, with a large quantity
(Igunnu and Chen 2012). Produced water is generally treated by the removal of
suspended solids and particulates, followed by the removal of organic substances
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and inorganic dissolved mineral ions. The removal of suspended solids could be
achieved by screening and gravity assisted sedimentation at ease.

Organics that exist in the produced water could contain polar and nonpolar
compounds. Oil and grease are present in the produced water in the form of either
dispersed, emulsified or dissolved, with the presence of additives such as surfactants.
Dissolved oil is the polar component in the produced water, which is mostly
comprised of BTEX (benzene, toluene, ethylbenzene and xylene), phenols and
low-molecular-weight aromatic compounds (Hayes and Arthur 2004, Khosravi
and Alamdari 2009). High-molecular-weight alkyl phenols and polycyclic aromatic
hydrocarbons are the source of dispersed oil.

Salinities of oil and gas produced water could range from 1000 to 400,000 ppm,
with coal seam gas produced water generally recorded below 30,000 ppm and shale
gas produced water at more than 400,000 ppm (Benko and Drewes 2008; Li et al.
2014). Sodium and chloride are the major contributors to the high salinity level of
produced water, while the existence of other ions such as CO3

2�, Ca2+, Mg2+, and
Fe2+ can cause scaling.

The removal of suspended solids, some hydrocarbons, and colloidal organics can be
achieved by microfiltration and ultrafiltration technology (Han et al. 2010), while ultrafil-
tration with the pore size ranging from 0.01 to 0.1 μm (He and Jiang 2008) could remove
dissolved oil. The choice of membranes for microfiltration and ultrafiltration could be
ranging from ceramic to polymeric, whereas ceramic ones were more often seen as part of
the treatment processes of produced water. Ceramic membranes are known to have a
longer life span than polymeric ones, largely due to its strong resistance to chemicals and
excellent mechanical strength that can withstand harsh environment and vigorous
cleaning. Some studies reported the use of in-air hydrophilic and underwater oleophobic
microfiltration membranes for the treatment of produced water (Zarghami et al.2019). The
formation of hydro-layer near the membrane surface could effectively prevent oil content
from penetrating the membrane. Microfiltration and ultrafiltration can be feasible
pretreatment processes for produced water treatment (Rezakazemi et al. 2018), while
others argue centrifugation can be more economically sensible for large-scale oily saline
effluent treatment.

For the removal of inorganic ions that exist in produced water, the available
membrane treatment choices have usually known to be nanofiltration and reverse
osmosis (Alzahrani et al. 2013; Riley et al. 2018). Although some reported the use of
complexation–ultrafiltration coupled process to removal heavy metal (Garba et al.
2019), ultrafiltration as a stand-alone treatment cannot realize the removal of inor-
ganic substances from the feed. Nanofiltration is most effective when the feed
salinity ranges between 500 and 25,000 ppm. Nanofiltration cannot be a stand-
alone treatment process of the produced water as it has a low rejection rate of
monovalent ions. On the other hand, reverse osmosis is capable of removing all
inorganic ions in the saline feed. Yet, for produced water exceeding a certain limit,
also known as the osmotic pressure limit, reverse osmosis can be economically
unfavorable and beyond which the process could require excessive amount of energy
to recover the same quantity of water; some reported the value to be approximately
70,000 ppm (Arnal et al. 2005).
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Another concern regarding the use of nanofiltration and reverse osmosis technol-
ogy in the produced water treatment process is that if the membranes can have a high
enough temperature thresholds to withstand the hot produced water. Produced water
usually have a relatively high temperature, some recorded over 100 �C (Li et al.
2010, 2014). This has provided valuable insights into the design of treatment process
with membrane technology, implying that the membrane material should be high-
temperature bearing and the process might be able to benefit from the waste heat
carried by the wastewater itself. In line with the abovementioned perspectives, the
emerging desalination technologies that can utilize low-grade heat (i.e., membrane
distillation and pervaporation) have attracted much attention regarding the applica-
tion and membrane preparation (Ray et al. 2018), which will be presented in the next
section.

7.3 Transport Mechanism of Membrane Distillation
and Pervaporation

7.3.1 Transport Mechanism of Membrane Distillation

The transport of membrane distillation is governed by the saturated partial vapor
pressure gradient of the volatile components across the microporous hydrophobic
membrane. The actual driving force of membrane distillation is usually provided by
the temperature difference across the membrane. The temperature on the feed side is
elevated to create a higher saturated vapor pressure, and the permeate is cooled at
room temperature or lower. This has ensured that the vapor pressure difference is
sufficient for the occurrence of water evaporation on the membrane surface (Essalhi
and Khayet 2015). Water vapor is then transported through the non-wetted pores of
the membrane and condensed in the permeate stream (shown in Fig. 7.1).

Hydrophobic membranes are applied in membrane distillation where the dom-
inating rate limiting steps of desalination by membrane distillation are the rate of
water evaporation on the membrane surface and the migration of water vapor
through the pores. The evaporation of water vapor is controlled by heat transfer of
the process, whereas the migration of water vapor through the pores is dominated by
the characteristics of the membrane. Knudsen diffusion model, molecular diffusion
model, and viscous flow model are the dominating mass transfer mechanism within
membrane distillation. While the combined model can be used to describe mem-
brane distillation process of desalination, assumptions can be made to simplify the
mass transfer model according to the type of membrane, operating conditions, and
membrane distillation configuration. It is also worthy of mentioning that surface
diffusion is negligible during membrane distillation process.

Fundamentally there are four classic configurations in membrane distillation,
namely, they are direct contact membrane distillation (DCMD), air-gap membrane
distillation (AGMD), sweep gas membrane distillation (SGMD), and vacuum mem-
brane distillation (VMD). DCMD (shown in Fig. 7.2) is the most widely
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implemented configuration of membrane distillation process in research and pilot-
scale testing. Other attempts on the innovation in membrane process and configura-
tions will not be discussed in this review.

Fig. 7.1 A schematic
illustration of desalination
process by membrane
distillation. The saline feed
is heated, providing a
gradient of saturated water
vapor pressure across the
membrane. Water
evaporates on the
hydrophobic porous
membrane pores, while salt
compounds remain in the
feed side

Fig. 7.2 A general
configuration of a cross-flow
direct contact membrane
distillation. The feed
temperature is elevated by
the thermostatic bath or
other heat source and
pumped into the membrane
module by the circulation
pump. The generated
permeate is pumped out of
the membrane module and
transferred into the cold
permeate tank for
condensation purpose. Then
cool permeate is recirculated
into the membrane module
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7.3.2 Transport Mechanism of Pervaporation

Pervaporation is driven by the chemical potential gradient of the component in the
feed across the membrane. Conventionally, operating condition for pervaporation is
assumed to be set at constant pressure and temperature for convenience (Crespo and
Brazinha 2015). Thus the driving force can be simply viewed as the concentration
difference of the component across the membrane. Membranes with dense selective
layers are commonly applied in pervaporation process, where a sorption-diffusion
transport model is suggested. Each component in the feed will have a sorption
coefficient (denoted as Si), to describe its affinity to the membrane surface, which
can be tuned by altering membrane material. Beyond the adsorption of the compo-
nent on the membrane surface, the component diffuses through the dense layer of the
membrane at a certain rate, quantified by diffusion coefficient Di, which is correlated
with the component’s molecular size and geometry as well as the material charac-
teristics of the dense layer. Both sorption and diffusion processes are the major rate
limiting steps for pervaporation. The component then desorbs from the permeate
side of the membrane into the permeate stream. Therefore flux J for the component
i of this process can be described as the equation below, where δ denotes the
thickness of the dense layer for the membrane and C denotes the concentration of i:

Ji ¼ Pi

δ
Ci,feed � Ci,permeate
� �

where Pi ¼ Si � Di ð7:1Þ

The transport of one component in the feed involves with the competition of
selectivity for other components and flux. The component with higher affinity with
the membrane material is expected to have a higher separation selectivity factor. This
has allowed the precise separation of azeotropic mixtures with ease when simple
distillation process cannot achieve. In the case of desalination application by
pervaporation process, it is widely accepted that the driving force is the difference
in saturated partial pressure of the evaporative components (i.e., water and other
possible volatile organics) on the feed and permeate side of the membrane, leaving
dissolved salts and other substances on the feed side. A schematic diagram of the
desalination transport mechanism for pervaporation is provided in Fig. 7.3.
Although it has been widely accepted that solution–diffusion model is the dominat-
ing mass transfer mechanism for pervaporation using membranes with dense active
layer, a more sophisticated and in-depth model was proposed particularly based on
graphene oxide membrane, attempting to decipher the phase change of water and
how the material can influence the process (Li et al. 2019b).

In most desalination applications by pervaporation process, thermopervaporation
with the aid of vacuum is often observed (Chaudhri et al. 2017; Li et al. 2017, 2019b)
(shown in Fig. 7.4). The use of a vacuum pump is to guarantee the low partial
pressure on the permeate side and the thermal treatment of the feed is to elevate the
temperature for creating a sufficiently high partial water vapor pressure on the feed
side. Innovative process design and configurations such as air-purging aided
thermopervaporation desalination (Naim et al. 2015) have been witnessed in recent
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studies. Notwithstanding it is beyond the scope of this review to discuss the attempts
on module and process optimization for desalination application by pervaporation.

7.4 Current State of Unconventional Desalination by
Membrane Distillation and Pervaporation

7.4.1 Unconventional Desalination by Membrane Distillation

Since the increase in feed concentration is not directly proportional to the driving
force, the treatment of concentrated brine and saline effluent by membrane distilla-
tion can be a favorable option. In the past decades, membrane distillation has drawn

Fig. 7.3 A general
schematic illustration of the
desalination transport
mechanism for
pervaporation through a
membrane with dense active
layer and porous support.
Liquid water adsorbs into
the membrane active layer.
It was suggested that liquid
water might undergo phase
change into water vapor,
resulting in the water
desorption from the active
layer

Fig. 7.4 A general
configuration of
thermopervaporation with
the aid of vacuum. A
nitrogen cold trap is
generally placed before the
vacuum pump
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a great deal of attention on the treatment of complex produced water from oil and gas
industries, as well as handling concentrated brine produced from traditional desali-
nation processes. Table 7.1 presents an overview on the current study for the
treatment of produced water by membrane distillation. Most studies were conducted
with commercially available hydrophobic membranes without post-modification,
which can suffer greatly from fouling, and wetting issues during the treatment of
saline effluent with the existence of surfactants. Wetting of the membrane pores
could lead to the deterioration of water quality as liquid directly penetrates through
the membrane pores with other nonvolatile components.

Most studies were carried out using commercial membrane modules with no post-
membrane modification treatment. Not until recently, numbers of studies which
reported the testing of superhydrophobic and omniphobic modified membranes for
unconventional desalination have been spotted on the rise. Superhydrophobic mem-
branes exhibited improved wetting resistance as compared to the commercial mem-
brane during the treatment of concentrated saline effluent (Zhong et al. 2017);
however even superhydrophobic membranes could not tolerate the existence of
surfactant, and the wetting of membrane progressively took place (Huang et al.
2017). The development and preparation of omniphobic membranes has become a
readily progressing area of interests in research in membrane distillation.

Even though omniphobic membranes showed enhanced wetting resistance,
inconsistent results have been reported. For the treatment of saline effluent of 1 M
sodium chloride with sodium dodecyl sulfate (SDS, a type of surfactant), PVDF
membranes were used in both studies (Boo et al. 2016; Du et al. 2018), which were
modified by the similar materials (i.e., silica nanoparticles and low surface energy
material). However it was observed that the resultant membranes could have differ-
ent wetting properties even with the same coating materials. The membrane from the
study of Du et al. underwent wetting, while the other remained stable. It was
speculated the coating procedures could be the main cause of this minor inconsis-
tency. The details on membrane preparation, selection, and modification specifically
for membrane distillation treatment of unconventional saline effluent will be elabo-
rated in the next section.

At an industrial scale, there already have been unconventional desalination
demonstrations via membrane distillation technology. For example, membrane
distillation from Memsys® and GE Power & Water firm paired with vapor compres-
sion was implemented at a shale gas wastewater treatment plant in Texas, USA
(Memsys Water Technologies GmbH 2013). The average TDS of inlet feed reported
in this case was approximately 190,000 mg/L, while the maximum recorded could
reach 290,000 mg/L from time to time. No significant flux decline was observed,
while no cleaning was conducted during the 200 h of operation with a recovery ratio
of 80%. However, it was suggested that for saline feed with high level of calcium
and magnesium ions in the feed, a softening pretreatment procedure should be
introduced. At another pilot demonstration of coal-to-chemical saline effluent treat-
ment by Memsys®, the initial feed was softened at a concentration of 40, 000 mg/L.
The final feed concentration could only reach 270,000 mg/L since membrane flux
drastically declined and the operation was terminated even though most calcium and
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magnesium were removed. This observation could be contradictory with the
abovementioned results of the shale gas produced water treatment plant, implying
that feed compositions and history of the feed chemistry significantly influence the
membrane performance in membrane distillation. It was reported elsewhere that feed
history could be responsible for the size and structure of the crystals formed on the
membrane surface, eventually leading to the deterioration of membrane performance
(Julian et al. 2016). Therefore, careful tuning for the right operating condition as well
as selecting the appropriate pretreatment processes where feed compositions are
evaluated. Apart from the recovery of water resources from hypersaline effluent, the
recovery of valuable minerals can also be achieved in membrane distillation coupled
with a crystallizer (Tun et al. 2005; Pantoja et al. 2015; Lu et al. 2017; Zhong et al.
2018; Zou et al. 2019).

7.4.2 Unconventional Desalination by Pervaporation

The ability of treating hypersaline effluent exceeding 100 g/L can be an attractive
feature of pervaporation, which is viewed as a newly emerging desalination tech-
nology to fill the inability and void of reverse osmosis and membrane distillation.
Previously, most research and application of pervaporation have been performed on
the removal of organics and the separation of azeotropic mixtures; not until recently,
the advantages of pervaporation for hypersaline desalination have been reexamined.
There have already been reviews and research papers looking into the energy
footprint and economic consideration of its projected application in the desalination
industry, in particular treating hypersaline effluent (Kaminski et al. 2018; Wang et al.
2016) as an alternative solution as compared to reverse osmosis and membrane
distillation. A comprehensive overview of pervaporation technology in the applica-
tion of desalination is provided in Table 7.2. In terms of fouling, crystals on the
membrane surface can be easily removed by rinsing. Furthermore, the wetting of the
membrane does not cause a concern for pervaporation, which can be an exceptional
advantage as compared to membrane distillation. On the other hand, while
pervaporation could be attractive for some features, the rise of concentration in
membrane distillation does not pose significant impact on the mass transfer (Meng
et al. 2015), while the flux value declined substantially with the rise of concentration
in the feed (Yang et al. 2017).

Yet there has been little study on the treatment of complex produced water or
brine by pervaporation technology. The research on the desalination by
pervaporation is mainly restricted for the treatment of single salt solution (i.e.,
predominately sodium chloride), some at a concentration exceeding 100,000 mg/L
(Huth et al. 2014). It has been noticed that most of the present studies stress on the
membrane preparation based, and the process optimization and mass transfer mech-
anism of desalination by pervaporation have not been properly addressed. The lack
of commercially available pervaporation membranes with high performance can be
the main cause for such little attention paid on the implementation of pervaporation
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Table 7.2 Overview on hypersaline desalination by pervaporation processes

Feed Membrane type

Feed
temperature
(�C)

Flux
(L/m2h) Reference

38 g/L synthetic
seawater

Silicalite zeolite active layer on
α-Al2O3 support (0.2 μm)

80 0.72 Duke
et al.
(2009)

NaCl 14 g/L Natural zeolite membranes 93 0.39 Swenson
et al.
(2012)

NaCl 50 g/L Electrospun polyacrylonitrile –
polyethylene terephthalate
non-woven on polyvinyl alco-
hol support

Room
temperature

5.81 Liang
et al.
(2014)

NaCl 70 g/L Cellulose asymmetric
membrane

80 Approx. 4.5 Naim
et al.
(2015)

NaCl at various
concentration

Graphene oxide selective layer
on commercial polyacryloni-
trile ultrafiltration membrane
(40 kDa molecular weight
cutoff)

30 16.8 (2 g/L) Liang
et al.
(2015)

14.3 (35 g/
L)

13.6 (50 g/
L)

11.2
(100 g/L)

NaCl 100 g/L Polyvinyl alcohol active layer
on polyvinylidene fluoride
support

80 13.7 (Poly-
vinyl alco-
hol 0.2 μm)

Li et al.
(2017)

12.1 (Poly-
vinyl alco-
hol
0.8 μm)

8.1 (Poly-
vinyl alco-
hol
2.0 μm)

NaCl 70 g/L Commercial PERVAP 2210
from Sulzer

80 Approx.16 Kaminski
et al.
(2018)Hydrophilic activate layer with

polyvinyl alcohol support
60 Approx. 8

40 Approx. 6

NaCl 100 g/L Synthesized graphene oxide
active layer on 0.2 μm
polyvinylidene fluoride

70 28.6 Li et al.
(2019b)70 20.9

70 42.4
Graphene oxide active layer
on 100 kDa polyvinylidene
fluoride support

Graphene oxide active layer
on polycarbonate support

(continued)
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in unconventional desalination. Furthermore, the varying desalination performance
by pervaporation can be largely attributed to the random choice of membranes with
different materials and structures. The details on the attempts and trend of membrane
development particularly for desalination by pervaporation technology will be
elaborated in the next section. It is believed that with further research and develop-
ment in membrane fabrication and preparation, pervaporation is expected to be more
appropriate when tackling with extremely challenging saline effluent than membrane
distillation.

7.5 Membrane Characteristics and Preparations

7.5.1 Development of Membrane Distillation Membranes

Membrane Characteristics

Hydrophobic membranes are generally applied in membrane distillation process to
prevent liquid direct intrusion to the membrane and wetting. The pore sizes of the
membranes usually range from 0.1 to 0.5 μm, which lies in the range of
microfiltration membranes. Therefore, most membrane distillation membranes
have been directly purchased from commercial microfiltration membranes. Gener-
ally, to achieve lower mass transfer resistance and higher mass transfer rate, mem-
branes with larger pores are desired. However, liquid entry pressure (LEP) of a
hydrophobic porous membrane is usually governed by the pore size of the mem-
brane, described in Young–Laplace Equation (Franken et al. 1987). Larger pores are
more prone to wetting issues. For optimized desalination process, membranes with

Table 7.2 (continued)

Feed Membrane type

Feed
temperature
(�C)

Flux
(L/m2h) Reference

NaCl 150 g/L Hybrid carbon-silica active
layer

60 9.2 Yang
et al.
(2017)By vacuum calcined

On tubular α-Al2O3 support

NaCl 20 g/L Hybrid polyvinyl alcohol/
maleic acid/tetraethyl
orthosilicate membrane

65 11.7 Xie et al.
(2018)

Heavy metal solu-
tion (zinc, copper,
lithium, arsenic and
lead)

Thin polyether block amide
polymer coated on dense poly-
vinyl alcohol support layer

40 Approx.
0.8–1.2

Nigiz
(2019)

50 Approx.
0.9–1.4

60 Approx.
1.1–1.5
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uniform narrow pore size are recommended. Since water vapor transports through
the membrane pores, a lower membrane thickness will indicate shorter path to travel
and subsequently a lower mass transfer resistance (Francis et al. 2013). To balance
the trade-off between thermal conduction through the membrane material and
membrane permeability, Deshmukh et al. applied numerical simulation to find out
that a thickness of 70 to 100 μm can be the optimal membrane thickness for now
(Deshmukh et al. 2018). For scale-up operations, thin membranes suffer more
severely from the increase of length (Ali et al. 2016), consequently resulting in
flux reduction. Ongoing research and case studies regarding the design of appropri-
ate membrane structures and module are still underway, particularly on the
manufacturing of membranes with high porosities, to realize the scale-up membrane
distillation deployment.

Most membranes used in membrane distillation process are commonly fabricated
from polymeric materials such as PVDF, polypropylene, and PTFE (Kim et al. 2017;
Zhong et al. 2016; Adnan et al. 2012; Kim et al. 2018). Although PTFE showed
superior resistance to strong chemical such as acids and bases, wetting of the
membrane in saline feed with surfactants is still inevitable (Eykens et al. 2017).
Inorganic membranes have also been seen applied for the desalination by membrane
distillation processes. Yet most inorganic membranes exhibit hydrophilic features,
indicating grafting low surface energy material to render hydrophobic property is
necessary (Chen et al. 2018; Fang et al. 2012). It is commonly accepted that
improving the wetting resistance of the membrane plays a critical role on the
realization of robust treatment process for hypersaline effluent by membrane distil-
lation (Deshmukh et al. 2018). The current state of the preparation of
superhydrophobic and omniphobic membranes will be discussed in the next section.

Superhydrophobic and Omniphobic Membranes

Unconventional desalination is challenging for membrane distillation process due to
the existence of surfactants, oil, and other low surface tension compounds in the
saline feed as previously stated. These can be detrimental in membrane distillation
process, subsequently resulting in wetting of the membrane pores and contamination
of the permeate quality. It is therefore, critical to obtain a superhydrophobic or
omniphobic membrane that can withstand the traceable amount of oil in the feed
with enhanced wetting resistance.

To achieve superhydrophobicity, generally there are two approaches that are
deployed in most studies, namely they are, blending of nanoparticles in the dope
solution (Roshani et al. 2018) for membrane fabrication and post-membrane surface
modification. Yet, the addition of nanoparticles to the dope solution could suffer
from the poor dispersion and incorporation of the particles, resulting in particles
aggregations and alteration of membrane pore structures. Generally,
superhydrophobic and omniphobic surface modification requires either the addition
of reentrant structure and roughness (Zhu et al. 2017) or grafting low surface energy
material on the designated surface (Boban et al. 2018). Often, wettability of the
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surface is subjected to the synergistic effect of the surface chemistry and structure.
Razmjou et al. found that with the introduction of titanium dioxide particles of
hierarchical structure followed by fluorosilanization, the hydrophobicity and fouling
repellence were greatly improved as compared to membranes with fluorosilanization
only (Razmjou et al. 2012).

Recent advances in surface modification for membrane distillation membranes
are not limited for the preparation of superhydrophobic membranes. The ultimate
goal is to develop membranes with omniphobic surfaces that have the ability to repel
any liquid with robust thermal, mechanical, and chemical stability that are appro-
priate for membrane distillation process. It is expected that the omniphobic
functionalization could help to form a thin gas film near the membrane surface in
the aqueous environment, implying a minimized contact area of liquid with the
membrane surface. An overview on some recent representative progress achieved on
superhydrophobic and omniphobic membranes for membrane distillation process
are listed in Table 7.3. Although some studies reported promising results for the
omniphobic membrane preparation and their performances in the real unconven-
tional desalination deployment, the critical criteria of rendering omniphobic function
in the saline effluent with oil and surfactants are still unclear, particularly regarding
the varying choices of membrane coating material and feed characteristics.

Although the modified membranes were able to withstand a small amount of
surfactants in the produced water feed, the results could be quite different. Du et al.
(Du et al. 2018) reported that the membrane underwent severe wetting whereas the
membrane performances remained steady in the study conducted by Boo et al.
(2016), both treating the same feed. While the coating materials used in both studies
were similar, the procedure of which could be varying. This attributed to the
formation of nanoparticles with different sizes (20 nm in the study of Du et al. and
100 nm in the study of Boo et al.), along with their influence on the change of
membrane pore sizes. Eventually the membranes from Boo et al. exhibited improved
wetting resistance in the feedwater with surfactant. It was reported elsewhere that the
grafting procedure could also greatly affect the omniphobicity of the membrane even
with the same coating materials (Li et al. 2019a). Grafting via chemical bonding is
preferable as it provides greater forces between silica nanoparticles and the mem-
brane surface as compared to electrostatic adsorption of the membrane.

It is believed that the addition of micro- and nanostructure could increase the
ability to repel liquids (Razmjou et al. 2012). However, the impact posed by the scale
and structure of the micro- and nanoparticles has yet to be confirmed; some argued
the introduction of microstructure could be harmful to some oil/water separation
(Zhong et al. 2013). Future study should stress on understanding the mechanism of
scale and structure of the particle added to the membrane surface on the transfor-
mation of hydrophobic to omniphobic property.

280 W. Zhong et al.



T
ab

le
7.
3

S
up

er
hy

dr
op

ho
bi
c
an
d
om

ni
ph

ob
ic
m
od

ifi
ca
tio

n
fo
r
m
em

br
an
e
di
st
ill
at
io
n
m
em

br
an
es

T
yp

e
of

m
em

br
an
e

M
at
er
ia
l

C
on

ta
ct
an
gl
e

M
em

br
an
e
pe
rf
or
m
an
ce
s

R
ef
er
en
ce

S
up

er
hy

dr
op

ho
bi
c

T
iO

2
by

di
p
co
at
in
g
an
d
1H

,1
H
,2

H
,

2H
-p
er
fl
uo

ro
do

de
cy
ltr
ic
hl
or
os
ila
ne

as
lo
w

su
rf
ac
e
en
er
gy

de
co
ra
tio

n

16
3�

(w
at
er
)

N
o
im

m
ed
ia
te
w
et
tin

g
w
he
n
15

w
t%

et
ha
-

no
lw

as
in
je
ct
ed

in
th
e
fe
ed
.G

ra
du

al
de
cl
in
e

of
fl
ux

w
as

ob
se
rv
ed

in
di
ca
tin

g
w
et
tin

g

R
az
m
jo
u

et
al
.

(2
01

2)
16

6�
(g
ly
ce
ro
l)

15
0�

(3
0
w
t%

m
on

o-
et
ha
no

l-
am

in
e)

O
m
ni
ph

ob
ic

S
od

iu
m

hy
dr
ox

id
e
hy

dr
ox

yl
pr
ep
ar
at
io
n

S
lig

ht
ly

hi
gh

er
th
an

15
0�

(w
at
er
)

N
o
w
et
tin

g
ob

se
rv
ed

w
ith

in
8
h
of

op
er
at
io
n

in
th
e
fe
ed

co
nt
ai
ne
d
up

to
0.
01

%
v/
v
oi
lo

r
0.
2
m
M

S
D
S

B
oo

et
al
.

(2
01

6)

(3
-A

m
in
op

ro
py

l)
tr
ie
th
ox

ys
ila
ne

hy
dr
o-

ph
ili
c
al
te
ra
tio

n
H
ig
he
r
th
an

13
0�

(0
.1

m
M

so
di
um

do
de
cy
l
su
lf
at
e
an
d

m
in
er
al
oi
l)

S
ili
ca

na
no

pa
rt
ic
le
s

P
er
fl
uo

ro
de
cy
ltr
ic
hl
or
os
ila
ne

O
m
ni
ph

ob
ic

N
aO

H
hy

dr
ox

yl
pr
ep
ar
at
io
n

16
8–

17
6�

(w
at
er
)

G
ra
du

al
fl
ux

de
cl
in
e
ob

se
rv
ed

fo
r
al
l
m
em

-
br
an
es

in
sa
lin

e
ef
fl
ue
nt

w
ith

oi
le
m
ul
si
on

Z
he
ng

et
al
.

(2
01

8)
A
P
T
E
S
hy

dr
op

hi
lic

al
te
ra
tio

n

S
iN
P
s
@

ca
tio

ni
c
po

ly
st
yr
en
e

(P
S
)
sp
he
re
s
w
ith

po
ly
m
er

P
(A

17
4)

as
bo

nd
in
g
ag
en
t

17
-F
A
S
(fl
uo

ro
al
ka
ne
si
la
ne
)

11
8–

13
3�

(D
iio

do
m
et
ha
ne
)

M
os
t
pr
es
en
te
d
w
at
er

co
nt
ac
t
an
gl
e

de
cr
ea
se
d
af
te
r
op

er
at
io
n

10
3–

14
9�

(4
%

so
di
um

do
de
cy
l
su
lf
at
e)

O
m
ni
ph

ob
ic

P
ol
y(
di
al
ly
ld
im

et
hy

la
m
m
on

iu
m

ch
lo
ri
de
)

to
re
nd

er
po

si
tiv

e
ch
ar
ge
s

15
4–

17
7�

(w
at
er
)

N
o
fo
ul
in
g
or

w
et
tin

g
ob

se
rv
ed

fo
r
72

h
op

er
at
io
n
in

th
e
br
in
e
fr
om

co
al
se
am

ga
s

pr
od

uc
ed

w
at
er

W
oo

et
al
.

(2
01

8)
S
ili
ca

na
no

pa
rt
ic
le
s
ae
ro
ge
l
w
ith

ne
ga
tiv

e
ch
ar
ge

on
po

ly
(d
ia
lly

ld
im

et
hy

la
m
m
on

iu
m

ch
lo
ri
de
)

A
pp

ro
x.

16
0�

(m
in
er
al
oi
l)

1H
,1

H
,2

H
,

2H
-p
er
fl
uo

ro
do

de
cy
ltr
ic
hl
or
os
ila
ne

as
lo
w

su
rf
ac
e
en
er
gy

de
co
ra
tio

n

>
15

0�
(m

et
ha
no

l)

(c
on

tin
ue
d)

7 Membrane Preparation for Unconventional Desalination by Membrane. . . 281



T
ab

le
7.
3

(c
on

tin
ue
d)

T
yp

e
of

m
em

br
an
e

M
at
er
ia
l

C
on

ta
ct
an
gl
e

M
em

br
an
e
pe
rf
or
m
an
ce
s

R
ef
er
en
ce

S
up

er
hy

dr
op

ho
bi
c

S
od

iu
m

hy
dr
ox

id
e
hy

dr
ox

yl
pr
ep
ar
at
io
n

15
9�

(w
at
er
)

F
ou

lin
g
ob

se
rv
ed

fo
r
al
l
m
em

br
an
es

w
he
n

tr
ea
tin

g
re
al
sh
al
e
oi
l
an
d
ga
s
pr
od

uc
ed

w
at
er

D
u
et
al
.

(2
01

8)
(3
-A

m
in
op

ro
py

l)
tr
ie
th
ox

ys
ila
ne

hy
dr
o-

ph
ili
c
al
te
ra
tio

n

S
ili
ca

na
no

pa
rt
ic
le
s

G
ra
du

al
pe
rm

ea
te
co
nd

uc
tiv

ity
in
cr
ea
se
d

fo
r
bo

th
pr
is
tin

e
an
d
m
od

ifi
ed

m
em

br
an
es

F
A
S
(n
ot

sp
ec
ifi
c)

282 W. Zhong et al.



7.5.2 Design and Development of Pervaporation Membranes
for Desalination Purpose

Membranes with dense selective layer are often deployed in pervaporation technol-
ogy, where mass transfer is subjected to the adsorption and diffusion of the perme-
ating species. As previously introduced, adsorption rate of the permeating species
can be precisely controlled by tuning the physical and chemical characteristics of the
dense layer membrane, and desorption rate is determined by the properties of the
species (i.e., geometry, size, etc.), as well as the thickness of the dense selective layer
and the material of the supporting layer (Li et al. 2019b). There are usually two types
of membranes used in pervaporation application, namely, they are symmetric homo-
geneous dense membranes and asymmetric membranes. Most of the membranes
developed for desalination purpose in pervaporation are asymmetric or composites
membranes with an active layer of dense film or small pores on top of the micropo-
rous support layer. The material of the active layer can therefore be specifically
tailored to benefit water permeation. Therefore, the current state of fabricating
composites membranes with a selective layer and porous support layer will be
elucidated in this section.

Active Layer

Selecting a material for the active layer with high affinity to the permeating species
and considerably low affinity to other existing components in the feed is critical for
the design and fabrication of membranes, particularly for pervaporation processes. It
is beyond the scope of this review paper to discuss the preparation of membranes for
the separation of organic mixtures. This section will stress on the material selection
for desalination purpose only.

Water permeation is desired in the case of desalination. Therefore, material with
high water selectivity is favored, exhibiting hydrophilic property (Koops and Smol-
ders 1991). Although polymers like polypropylene and polyethylene are often used
in the separation of polar/nonpolar in pervaporation process, the implementation of
polymer as active layer with the lack of functional groups desalination application by
pervaporation is fairly rare. Glass polymers exhibiting hydrophilic properties such as
polyvinyl alcohol (PVA) (Li et al. 2017) and cellulose (Naim et al. 2015) or cellulose
acetate can be a viable option for the desalination in pervaporation. Although the
thickness of the active layer can be tailored as an approach to alter the mass transfer
rate of water (Li et al. 2017), the micro-defect of ultrathin PVA film during
fabrication process could still be the bottleneck for the development of this particular
membrane.

Apart from hydrophilic polymeric materials, inorganic materials such as zeolite in
particular can be another viable option for the active layer for pervaporation mem-
branes. To start with, membranes with zeolite as their active layer are found to be
favorable in the early period of the desalination by pervaporation (Duke et al. 2009).
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The pores of zeolite appeared to be narrow with tailorable size, and it was proven to
be able to efficiently reject ions in aqueous solution by size exclusion, which helped
to unravel its ability to treat saline effluent in pervaporation process (Lin and Murad
2001). Zeolite membranes have been extensively used (Duke et al. 2009; Khajavi
et al. 2010; Cho et al. 2011; Swenson et al. 2012) during the early stages of the
development of pervaporation membranes for desalination. However, low water
permeation has been the bottleneck. Latest attempt on the synthesis of ZSM-5
nanosheets has provided higher water permeation rate of 10.4 L/m2 h as compared
to the conventional preparation approach to ZSM-5 membrane, which only produced
1.22 L/m2 h in the same study (Cao et al. 2018), both tested in 3.0 wt% of NaCl
solution.

Recently, owing to the innovation in material science, graphene oxide has
emerged as a popular research area for the membrane material selection for desali-
nation by pervaporation. Graphene and graphene oxide were first deployed in the
preparation of membrane for nanofiltration due to their ability to precisely control
pore sizes (Hu and Mi 2014; Han et al. 2015; Goh et al. 2015), which later was
demonstrated via the simulation of molecular dynamics that tailoring the interlayer
spacing of the nanosheets of graphene oxide could significantly improve the rate of
water adsorption without compromising the rejection rate of ions (Chen et al. 2017;
Lian et al. 2017; Lian et al. 2018). This has allowed the application of grapheme
oxide for the preparation of pervaporation process (Feng et al. 2016; Li et al. 2019b).
The major issue associated with graphene oxide as the selective layer is that possible
swelling and exfoliation could take place during long-term operation due to the weak
adhesion between the material and support layer. The ongoing research on the fine-
tuning of the graphene oxide material characteristics can be of great benefit for the
fabrication of pervaporation membranes applied in hypersaline desalination.

Support Layer

As previously listed in Table 7.2, the characteristics of the support layer could play a
key role in the rate of water collection in the permeate stream. It was found that
support layer with higher porosity and larger pore size could benefit the transport of
water due to the decreased transport resistance (Sun et al. 2016; Li et al. 2018,
2019b), which is consistent with the observation in membrane distillation process.

Nevertheless, there has been little study to date reported on the effects of the
support layer’s nature (hydrophobic vs. hydrophilic), regarding the specific water
diffusion rate. The use of hydrophobic and hydrophilic as support layer in
pervaporation membranes particularly for desalination can be rather random. Yang
et al. suggested that hydrophobic material could benefit the desorption of water
(Yang et al. 2017), indicating a faster water transport through the support layer.
Future work on the preparation of membranes for desalination still requires a
systematic analysis on the correlation between the wettability of the support layer
and the promotion of water desorption on the permeate side.
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7.6 Perspectives on Future Trend

7.6.1 Membrane Distillation and Pervaporation in Food
Engineering and Processing

The dewatering and concentration process can be a critical procedure in food
processing industry for improved product stability. Most widely applied technology
for dewatering and concentration in food processing is multistage vacuum evapora-
tion (Nene et al. 2008), while it could lead to the loss of aroma. Since membrane
distillation and pervaporation are capable of dewatering effluent with insignificant
impact from the buildup of concentration, this feature has helped to shed lights in the
food industry as a stand-alone concentration technology or a hybrid process with
other membrane technologies. Most applications of these two technologies were
implemented for the realization of fruit juice volume reduction (Bagger-Jørgensen
et al. 2011; Onsekizoglu Bagci 2015; Kujawa et al. 2015; Alves and Coelhoso 2006;
Karlsson and Tragardh 1996). Other applications such as dealcholization by
pervaporation for the production of nonalcoholic beverages have also been
witnessed (Castro-Muñoz 2019).

The associated concerns with the utilization of membrane distillation and
pervaporation in food processing industries have been identified as low flux and
membrane fouling by high-molecular-weight naturally existing polymers in the fruit
juice, which will result in the drastic decline in flux over long-term operation. There
are attempts on the fouling mitigation for this specific application of membrane
distillation; a pretreatment unit of ultrafiltration (Brinck et al. 2000) and additional
enzymatic deproteinization (Lukanin et al. 2003) step were included to remove the
majority of polysaccharides and proteins and to decrease the viscosity of the feed for
improved hydrodynamic conditions near the membrane.

Apart from membrane fouling, the loss of aroma is also associated with mem-
brane distillation processes. Membrane distillation applies a microporous hydropho-
bic membrane with minimal selectivity of the vapor permeation across the
membrane; this inability can be fulfilled by the integration of pervaporation unit to
selectively reduce the transport of aroma into the permeate stream. Thus the combi-
nation of osmotic distillation and pervaporation was suggested for the concentration
process of ethanol–water extract of Echinacea plant (Johnson et al. 2002). Since
osmotic distillation can be viewed as a similar process to membrane distillation for
its mass and heat transfer mechanism, the combination of pervaporation and mem-
brane distillation technologies for fruit juice volume reduction and other food
processing applications can be envisaged; osmotic distillation appears to be more
favorable for the production of food concentrates although it suffers significantly
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from a lower mass transfer rate than membrane distillation (Johnson and Nguyen
2017). Pervaporation was also used as an approach to deodorize the food product for
its ability to fine-tune the adsorption rate of aroma (Souchon et al. 2002). In terms of
the choice for process selection and design, product integrity as well as productivity
should be evaluated.

7.6.2 Pharmaceutical Industries

The most exciting aspect of membrane distillation that has been recognized in the
past decade besides the special desalination purposes is its potential application in
the pharmaceutical industries, in particular its implementation in the concentration
technology for traditional Chinese medicine (TCM) extract. The conventional
approach for concentrating the extract can usually be achieved by evaporation
technology involving conventional and vacuum evaporation, which requires a con-
siderable amount of energy. The application of membrane distillation apart from its
environmental aspect had been overlooked. Not until recently, the possibility of
concentrating TCM extract by membrane distillation was explored (Nian et al. 2013;
Yu et al. 2008; Ding et al. 2008), and a concentration factor of 16 times was
achieved. Since the rise in concentration of the extract will not pose significant
impact on the driving force for membrane distillation, it was observed that permeate
flux did not suffer from a substantial drop. Membrane distillation is expected to show
extraordinary potential in the advancement of TCM extract concentration and
purification.

Moreover, although there has not yet been a single study on the demonstration of
implementing pervaporation technology in the concentration technology for TCM,
the ability of pervaporation to dehydrate and separate solvent from water had been
shown elsewhere in the food processing sector (Paz et al. 2017; Smuleac et al. 2010).
It is worth pointing out that some TCM extract could contain valuable volatile
contents and organic solvents. Concentration of these extract solutions can be
problematic for membrane distillation as it does not show a precise control over
the selectivity of volatile substances (Yao et al. 2018), in which it was reported the
existance of a traceable amount of volatile organic contents in the permeate stream
after the treatment by membrane distillation. As previous section suggested,
pervaporation could fill the void and inability of membrane distillation when it
comes to the preservation of volatile compounds in the extract concentration process
and potentially exhibit a lower fouling tendency. When design with careful consid-
eration, the membrane for pervaporation can be tuned to favor the removal of
organic solvents while limit the transport of the designated volatile compounds in
the extract. Similar to the application of membrane distillation and pervaporation in
food processing industry, future study on the design and application of these
technologies in TCM extract concentration should also consider the effect of mem-
brane fouling by starch and other hydrosol.
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7.7 Conclusions

The unconventional desalination requires treatment process that can handle high
salinity at reasonable energy consumption which the traditional desalination tech-
nique by reverse osmosis cannot offer. Membrane distillation and pervaporation
possess excellent potential in treating hypersaline solution, mostly due to that fact
that their driving forces show minor impact imposed by the fluctuation in feed
salinity and the utilization of low-grade heat can be realized for these two processes.
This review presents the opportunities and challenges for membrane distillation and
pervaporation implementation for unconventional desalination.

While the two membrane technologies share similarities with elevating the
temperature of the feed for the removal of salt from the aqueous solution, their
transport mechanisms are different. Membrane distillation process is driven by the
temperature difference across a hydrophobic membrane, whereas pervaporation is
driven by the concentration difference through adsorption–diffusion approach.
Membrane distillation and pervaporation are both prospective solutions to uncon-
ventional desalination. Limitations exist within these two technologies which could
hinder their large-scale application. Issues such as wetting and fouling for membrane
distillation still need to be addressed. Membranes specifically designed for the
desalination application for membrane distillation and pervaporation are lacking,
particularly for pervaporation process.

To tackle the wetting issue, modifications on the hydrophobic membranes for
membrane distillation are often deployed, rendering the membranes to show
superhydrophobicity or omniphobicity. Most approaches involved are to increase
surface roughness and the grafting of low surface energy material simultaneously on
the membrane. Yet the results are not always promising even for the same coating
material. There exists knowledge gap between understanding the fundamental of
achieving an omniphobic surface and the characteristics of the real saline feed that
contains low surface tension compounds such as oil and surfactants. More studies
are required to fill the void on indicating the limit of membrane distillation for the
treatment of saline effluent and brine; especially in terms of the oil contents,
membrane distillation can withstand from the material and process perspectives.

Future recommendation on the prospective applications for membrane distillation
and pervaporation such as beverages production and traditional Chinese medicine
extract processing was suggested. While membrane distillation can be a genuine
technology for concentrating the liquid extracts, the high selectivity of pervaporation
process can be valuable in some cases where the removal or retaining of some
substances is desired.
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Abstract Environmental issues emerge as a result of the harmful effects of human
activities from different points of sources on biophysical environment. Lots of
environmental damages can be rectified. The prevention of further damage can be
achieved through the utilization of membrane separation processes. The utilization
of membrane separation process to combat environmental pollution illustrates the
application of membrane materials to effectively prevent environmental pollution in
a sustainable manner. Nano-based membranes usually fabricated from organic
polymer-based nanocomposites have proven to be promising membrane separation
technology for environmental issues. In this report, we reviewed the role and
characterizations of nano-based membranes for environmental applications. Thus,
the major points are, firstly, factors influencing nano-based membranes performance
and, secondly, important characterization techniques commonly used in character-
izing the surface of membranes fabricated with the incorporation of nanomaterials.
Thirdly, we reviewed the models used in characterizing the transport properties
across nano-based membranes since these properties are principally controlled by
the surface layer, thickness, porosity, and pore size. Finally, the environmental
applications of nano-based membranes are reviewed.

Keywords Nano-based membranes · Gas separation · Desalination · Solid
pollution · Air pollution · Solution diffusion model · Extended Nernst–Planck
model · Pathogens · Transport properties · membrane self-cleaning

Nomenclature

NF Nanofiltration
Vp Permeate volume
RO Reverse osmosis
%R Percentage rejection
SEM Scanning electron microscopy
J Flux
AFM Atomic force microscopy
Ci, m Bulk feed concentration
CNT Carbon nanotube

296 O. Agboola et al.



Ci, p Permeate concentration
DE Dielectric exclusion
zi Valence of ion (i)
DSPM Donnan–steric partitioning pore model
Di, p Hindered diffusivity (m2/s)
TEM Transmission electron microscope
γSV Solid–vapor interfacial energy
XRD X-ray powder diffractometer
γSL Solid–liquid interfacial energy
PSCF Preferential sorption/capillary flow
γLV Liquid–vapor interfacial energy
FTIR Fourier-transform infrared
θγ Equilibrium contact angle
T Absolute temperature (K)
Ki, c Convection hindrance factor
ci Concentration of ions in the membrane (mol/m3)
F Faraday constant (C/mol)
ϕ Equilibrium partition coefficient
ψ Electrical potential (V)
R Universal gas constant (J/mol.K)
Dsm Diffusion coefficient
cT Total molar concentration
x Membrane thickness
Ks Solute distribution coefficient
APAN Aminated polyacrylonitrile
MWCNTs Multi-walled carbon nanotubes
Xd Effective charge density
rP Pore radius
e Electronic charge
εb Dielectric constant of the bulk
YSZ yttrium-stabilized zirconia
εm Dielectric constant of the membrane material
GO Graphene oxide
εp Dielectric constant inside the pores
CM ceramic membranes
DSPM-DE Donnan–steric partitioning pore model with dielectric exclusion

8.1 Introduction

The developments in nanoscale investigations have made a promising invention of
nano-based membranes that is economically feasible and environmentally stable for
effective environmental applications (Amin and Alazba 2014). Nanomaterials
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possess exceptional, physical, chemical, biological, and size-dependent properties
connected to their structure and higher specific surface area to volume. These
properties give fast dissolution, strong sorption, high reactivity, and discontinuous
features such as localized surface plasmon resonance, super-paramagnetism and
quantum confinement effect. These explicit nano-based features enable the advance-
ment of new high-technology materials such as adsorption materials, nano-catalysts,
functionalized surfaces, coatings, reagents, and membranes for more efficient envi-
ronmental applications (Kanagalakshmi et al. 2018). Nano-based membranes sepa-
rate chemical species through filtration mechanism by employing nano-sized porous
structure of membrane materials. There are lots of investigation regarding the use of
organic polymeric materials for the synthesis and modification of nano-based mem-
branes such as nanofiltration (NF). However, the integration of nanofillers like
nanoparticles, such as graphene and carbon nanotubes in the polymeric materials
for the synthesis of nano-based membranes, gives excellent properties.
Nanoparticles are types of nanofillers (Verdejo et al. 2011). Hence, nano-based
membranes are thin and flexible materials that can be fabricated out of polymeric
materials and the combinations of polymeric material with nanofillers. These
nanofillers are promoting the advancement of more efficient nano-based membranes
for environmental applications. Thus, nano-based membranes are organic polymer-
based nanocomposites that possess nanoscale thickness across microscopic dimen-
sions (approximately 1 to over 100 μm) with a thickness less than 100 nm, and they
are effective filters functioning at the high molecular level. They are not only ultra-
lightweight but also robust and flexible. From the mechanical viewpoint, these nano-
membranes can exhibit low flexural rigidity; however, they have extremely high
toughness, with reported elastic moduli of 1–10 GPa and ultimate strengths of up to
100 MPa (Jiang et al. 2005, 2006). Apart from the theoretical and experimental
interest, nano-based membranes have, without a doubt, combined these mechanical
characteristics with structural and morphological features leading to a broad spec-
trum of environmental applications in desalination, solid pollution control, and air
pollution control (Cheng et al. 2009). The outline of the environmental applications
of nano-based membranes is illustrated in Fig. 8.1. Furthermore, there are several
contributing factors responsible for the separation performance of nano-based mem-
branes for different environmental applications. The next subsection discussed the
important contributing factors influencing for the separation performance of nano-
based membranes.

8.1.1 Factors Influencing Nano-Based Membranes
Performance

The accomplishment of using membranes is strictly associated with the essential
properties of the membranes. To a larger magnitude, interfacial interactions between
the surfaces of the membrane, surrounding environment and solute, control the
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performance of the membrane. These interactions have significant influence on
transport characteristics, selectivity, fouling tendency, and bio- and hemo-
compatibility of the membrane (Van Rijn 2004). Porous and nonporous nanofillers
are the major inorganic materials used for the fabrication of nano-based membranes
(Chung et al. 2007). For porous membranes, transport takes place by convective flow
with sieving mechanism such as size/shape sieving or adsorption (Baker 2004). The
interactions of solutes with the pore surface may significantly affect the performance
of nano-based membrane (Li et al. 2012). Hence, porous nanofillers usually enhance
the filtering property of the polymeric membranes owing to their structure and pore
size. The ability to fabricate membranes with a desired pore size and a narrow pore
size distribution will allow a defined control over molecular transport (Li et al.
2012). Nonetheless, nonporous nanofillers increase the permeability by splitting
the packing of the polymer chain and increasing the polymer free volume (Aroon
et al. 2010). The choice of both nanofillers and polymer matrix is of great importance
in determining the separation performance of nano-based membranes (Najari et al.
2015). The appropriate choice of material or surface functionalization of current
membrane will be advantageous to the performance of membrane by reducing the
possibility of concentration polarization and membrane fouling (Li et al. 2012).
Hence, the technical performance of nano-based membranes is characterized by
calculating the flux (J) which is measured from the permeate volume (Vp) divided
by the surface area (A) of membrane at particular time (t), represented by Eq. (8.1).
Furthermore, the performance of nano-based membranes is also characterized by the
percentage rejection (%R) of contaminants, which is the membrane’s ability to retain
contaminants; it is calculated by Eq. (8.2), where Cf and Cp are the concentrations in
the feed and permeate, respectively (Izadpanah and Javidnia 2012). In common with
other membrane processes, the summary of critical membrane characteristics that

Nano-based

membranes Environmental 
Applications

Desalination Pathogens

Organic micro 
pollutants

Gas 
separation

Solid pollution control

Air pollution control

Fig. 8.1 An outline of environmental applications of nano-based membranes
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determine performance of membranes required in various applications is shown in
Fig. 8.2, and they are discussed in the following subsections.

J ¼ Vp

A� t
ð8:1Þ

%R ¼ Cf � Cp

Cf
� 100 ð8:2Þ

Membrane Structure

Polymeric membranes and membranes fabricated with the integration of nano-based
materials display a broad range in their physical structure and the material they are
made from (Strathmann 2011). These membranes can be classified according to their
morphology: dense homogeneous polymer membranes and porous membranes. The
dense homogeneous membranes only have a practical usefulness when they are
fabricated from a highly permeable polymer such as silicone. Usually, the permeate
flow across the membrane is relatively low, since a minimal thickness is needed to
offer the membrane mechanical stability (Ladewig and Al-Shaeli 2017). Porous
membranes are divided according to their pore diameter (dp): microporous (dp <
2 nm), mesoporous (2 nm < dp > 50 nm), and macroporous (dp > 50 nm) (Gallucci
et al. 2011). Nonetheless, the performance and efficiency of porous membranes is in
a greater extent, determined by their internal structure rather than by the material.
Hence, the selectivity of porous membranes mostly depends on the pore structure
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Fig. 8.2 A summary of critical membrane characteristics that affect the performance
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and the pore size distribution such as the mean pore size and the polydispersity
(Marrufo-Hernández et al. 2018). Furthermore, the changes in the performance of
the membranes have been associated with the structural changes using the Donnan–
steric partitioning pore model developed by Bowen and coworkers. This model was
founded on the extended Nernst–Plank equation and has frequently been used to
describe commercial NF membranes (Bowen and Mukhtar 1996). The features that
describe nano-based membranes structure are discussed in the following
subsections.

Pore Size and Pore Size Distribution

Dense and nonporous inorganic membranes are made of either solid layers of metals
(palladium, silver, alloys) or solid electrolytes. The electrolyte layer permits the
diffusion of hydrogen and oxygen, and it also permits the transfer of ions across the
membrane pores. Dense membrane can also have a support layer of immobilized
liquid such as molten state immobilized in porous steel or ceramic supports. This fills
the membrane pores by creating a semipermeable layer. However, the pore structure
of the dense membranes is subject to the procedure of fabrication (Fard et al. 2018).
The pore size and pore size distribution of nano-based membrane are closely
associated with membrane performance. Pore size of membrane is a determinant
of membrane rejection level on uncharged contaminant (Mulyanti and Susanto
2018). Variation in pore sizes has been found to significantly influence membrane
performance. For example, Mehta and Zydney (2005) investigated the effect of pore
size distribution in track-etched membranes on the permeability–selectivity charac-
teristics of ultrafiltration membranes. Kanani et al. (2010) studied the impact of pore
geometry on the trade-off between the selectivity and permeability for membranes
with pore size below 100 nm. Their results clearly demonstrated that membranes
with slit-shaped pores have higher performance, i.e., greater selectivity at a given
value of the permeability, than membranes with cylindrical pores. Furthermore,
theoretical calculations indicated that this improved performance becomes much
less pronounced as the breadth of the pore size distribution increases. However, the
pore size and the pore size distribution of the nano-based membranes depend on the
application for which it would be used.

Membrane Thickness

A membrane is called a symmetric or isotropic membrane when the separation layer
of the membrane cannot be distinguished in the direction of the membrane thickness.
Hence, the support layer in the symmetric membrane is designed to offer mechanical
robustness for the membrane (Fard et al. 2018). Contrarily, composite or asymmetric
(anisotropic) membranes are membranes with a clearly distinguishable top layer and
a supporting layer. The majority of the flow resistance (or pressure drop) for these
types of membranes occurs primarily in the thin separation layer. Since both
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selectivity and permeability are important for the separation process, the properties
of the separation layer with regard to membrane thickness are of utmost importance
(Fard et al. 2018).

However, the performance of nano-based membrane thickness depends on the
method of fabrication. Hence, both porous and nonporous membranes can be
symmetrical or asymmetrical. Figure 8.3 gives the schematic illustration of different
types of membranes structure and thickness. A dense skin layer offers selectivity,
and a much more open bulk structure affords mechanical support without greatly
increasing flow resistance (Paul and Jons 2016). The thickness of the dense skin for
nano-based phase-inverted membranes is not at all times measurable or even well-
defined, and the thickness clearly varies between membranes. However, the dense
selective layer at the top surface is typically thicker than it would usually be, when
obtained by interfacial polymerization for nano-based membranes (10–200 nm). At
the same time, the discriminating layer of phase-inverted membranes is usually
thinner than most free-standing coatings which is without defects and can easily
be applied. Lower than this selective layer, pore size speedily increases as one moves
into the bulk structures. As a result of this large asymmetry, the majority of
resistance to flow for immersion precipitation membranes is occasionally attributed
to the region near the thin selective layer (Paul and Jons 2016). Nonetheless, closer
analysis has often shown otherwise (Valadez-Blanco and Livingston 2009), and
prospects could further exist in order to optimize and decrease contributions to flow
resistance from within the bulk or lower surface (Paul and Jons 2016). However, the
total resistance of a membrane mass transfer depends on the total thickness of
membranes. Hence, a decrease in membrane thickness results in an increased
permeation rate (Ladewig and Al-Shaeli 2017). Mansourpanah and Gheshlaghi
(2012) used different ethanol amines at various concentrations to produce mem-
branes. The effects of adding these ethanol amines on the performance and mor-
phology of membranes at 200 μm and 280 μm thick were investigated. The results
showed that membrane performance in the presence of these additives is strongly
related to the thickness of the casting film as well as the type of ethanol amine added.
Furthermore, surface modifiers are used to enhance membrane performance. The
quantity of the deposited modifier determines the thickness of the membrane layer;
hence, the thickness of the modified membrane can easily be adjusted by varying the
quantity/concentration of the modifier (Ariono and Wenten 2017).

Non-porous (Thickness 0-1-10 µm)

Macro-porous (Thickness 20 nm-1µm) 

Nano-composite-porous 

(Thickness 10-50 nm)

Fig. 8.3 Schematic diagrams of different types of membranes structure and thickness
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Surface Modification

The correct choice of the membrane material and surface modification of membranes
play a significant role in reducing the adsorption of feed components for nano-based
membranes (Dewettinck et al. 2018). Polyamide thin film composite membranes are
becoming more extensively used for water desalination both in industrial and
experimental plants. Furthermore, these membranes are used in reverse osmosis
process as a result of their superior properties. However, trade-off between the
permeability and the salt rejections, fouling, and chlorination are seriously limiting
their superior operational functions (El-Arnaouty et al. 2018). Thus, several strate-
gies have been explored to solve these problems. Among such strategies is the
surface modifications by grafting, and nanoparticles incorporations have been iden-
tified to be the most effective ones (Dihua et al. 2010; Balta et al. 2012; Isawia et al.
2016). Dihua et al. (2010) presented the surface modification of the commercial
aromatic polyamide thin-film composite-reverse osmosis membranes with thermo-
responsive copolymers poly(N-isopropylacrylamide-co-acrylamide) for improved
membrane properties. Their results showed that thermo-responsive copolymer poly
(N-isopropylacrylamide-co-acrylamide) can be successfully deposited on the surface
of the commercial aromatic polyamide thin-film composite-reverse osmosis mem-
brane by dip-coating method, under certain conditions. An increased surface hydro-
philicity was observed which would compensate for the reduction in membrane
permeability. In addition, the surface coating layer of copolymer poly
(N-isopropylacrylamide-co-acrylamide) had little influence on the salt rejection of
the modified thin-film composite membrane. Balta et al. (2012) reported a new
outlook on the enhancement of membranes with nanoparticles by proposing the
use of zinc oxide as an alternative to titanium dioxide. They investigated the
synthesis of zinc oxide enhanced membranes and evaluated the performance of
mixed-matrix membranes with zinc oxide nanoparticles. It was shown that the
new membrane materials embedded with zinc oxide nanoparticles have significantly
improved the membrane features. The results showed an overall improvement
compared to the neat membranes in terms of permeability, dye rejection, and fouling
resistance by adding zinc oxide nanoparticles even in small and ultralow concentra-
tions. Konruang et al. (2014) examined the surface modification of polysulfone
membrane by UV irradiation. They reported that FTIR analysis revealed the forma-
tions of polar functional groups such as hydroxyl and carbonyl groups. Accordingly,
the surface of asymmetric polysulfone membranes was changed from slightly
hydrophobic to hydrophilic by UV irradiation, leading to an improvement of the
water flux. Isawia et al. (2016) also reported a new approach for the modification of
polyamide thin film composite membrane by using synthesized zinc oxide
nanoparticles in order to enhance the membrane performances for reverse osmosis
water desalination. The zinc oxide nanoparticles modified polymerization of hydro-
philic methacrylic acid-g-polyamide thin film composite membrane showed salt
rejection of 97% (which is the total of groundwater salinity), 99% of dissolved
bivalent ions (Ca2+, SO2�

4 , and Mg2+), and 98% of monovalent ions constituents
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(Cl� and Na+). Furthermore, antifouling performance of the membranes was deter-
mined using E. coli as a potential foulant. This demonstrated that the zinc oxide
nanoparticles modified through polymerization of hydrophilic methacrylic acid-g-
polyamide thin film composite membrane can significantly improve the membrane
performances. This modification should be favorable to handle the nature of the
feedwater for improved selectivity, permeability, water flux, mechanical properties,
and the bio-antifouling properties of membranes for water desalination. Hence, it is
essential to modify the surface properties of membranes in order to handle the nature
of the feedwater.

The Nature of the Feedwater

The nature of the feedwater properties, such as the pH of solution, ionic strength,
solute charge, hydrophilicity of solute feed concentration, and the viscous nature of
feed (liquid viscosity), significantly influences the performance of membrane. The
ionic strength, pH, and solute charge of the feedwater influence the charge of both
membrane surface and particles and the geometry and stability of molecules
(Cassano 2017). The influence of pH on nano-based membrane performance is
relatively complex, because the properties of membrane and solutes mainly differ
with pH, and these differences are reliant on membrane material and solute type (Luo
and Wan 2013). Furthermore, the surface material of numerous nano-based mem-
branes made from polymer is hydrophilic and susceptible to be hydrated and ionized
in the aqueous solution. The geometry and ionization of these polymer chains will
change under different surrounding conditions, particularly at different pH and ionic
strength. Even a minor change in the pore size or charge pattern would have a strong
influence on the membrane permeability and the passage of molecules. This is as a
result of the nanoscale pore dimensions (�1 nm) and electrically charged materials
of these membranes. Hence, manipulating and putting the influence of pH and salt
into consideration could enhance the nano-based membrane filtration process,
through the improvement of the separation performance (in terms of permeate flux
and salt rejection) and reducing membrane fouling (Luo and Wan 2013).

The permeate flux and the salt rejection are the two parameters that are generally
used to evaluate the performance of membranes (Hoang et al. 2010). Hence, the feed
pH during membrane separation is an important factor that affects the performance
of membranes because the feed pH can influence membrane charge and it can even
change it. Changing the feed pH could alter the membrane surface charge, which can
consequently influence the performance of the membrane (Tanninen and Nystrom
2002). Changing the feed pH will change the electrical charge or zeta potential of the
solution. The change in pH will modify the electrostatic interaction among the
molecules and the membranes. In contrast to the feed composition which is funda-
mental to the product, the feed pH can be changed by simply adding an acid such as
hydrochloric acid or a base such as sodium hydroxide. Depending on the feed
properties and the type of the nano-based membrane, either an increase or decrease
of feed pH will enhance the performance of a nano-based membrane (Dewettinck
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et al. 2018). Dalwani et al. (2011) studied the effect of pH on the performance of thin
film composite nanofiltration membranes at the relevant pH conditions, in the range
of pH 1–13. At extremely alkaline conditions (pH greater than 11), an increase in
molecular weight cutoff and a reduction in membrane flux was observed. However,
according to the Donnan–steric partitioning pore model, the change in performance
in alkaline conditions originates from a larger effective average pore size and a larger
effective membrane thickness as compared to the other pH conditions.

Another confounding factor in the use of membranes for water filtration is the
reliance of the feed viscosity on particle concentration. The liquid viscosity is
usually taken as a constant in models of filtration; however, in practice, the liquid
viscosity depends on various properties of the fluid such as fluid temperature, density
of the fluid, and the shear rate of the fluid (Herterich et al. 2014). The viscosity of
feedwater can also be influenced by the feed concentration. Herterich et al. (2014)
studied and analyzed the effects of a concentration dependence of the viscosity of the
fluid. They considered the pressures required for a constant inlet fluid flux due to the
concentration-dependent viscosity. They found that the addition of particles
increases the viscosity of the fluid and the increase in the fluid viscosity resulted in
increased hydrodynamic pressure. Furthermore, they observed less variation to the
flow due to the concentration-dependent viscosity.

Hence, with the design of membrane performance, which depends on the nature
of the feedwater, the basic comprehension of the diffusion mechanisms together with
the mass transfer has revealed the importance of science required to select optimal
working conditions for membrane processes. However, the working conditions will
be influenced by the different geometries and ionization of polymer chains
(Camacho et al. 2013). The following section reviewed different working conditions
influencing the performance of membrane.

Working Conditions

The separation performance of nano-based membranes depends on multiple working
conditions. The working conditions such feed temperature, operating pressure, flow
rate, etc. are effective factors that influence the performance of membrane in terms of
permeability, water recovery, and rejection of solutes. These working conditions are
discussed in the next subsection.

Feed Temperature

The feed temperature is a significant factor controlling mass transfer in membrane
separation process. Permeate flux increases together with an increase in temperature
because when temperature increases, the viscosity and the level of concentration
polarization will decline (Agashichev 2009). Hence, as the feed temperature
decreases, the performance of a nano-based membrane characterized by permeability
naturally decreases as a result of an increase in water viscosity (Yoon 2016). This is

8 Role and Characterization of Nano-Based Membranes for Environmental Applications 305



described by Eq. 8.3. Nonetheless, with the presence of fouling, flux will decline in
spite of the increase in temperature (Beril et al. 2011). Temperature change also
results in the variation of diffusion coefficient and component absorption which in
turn influences the flux. Goosen et al. (2002) reported that polymeric membrane
rapidly responds to changes in the feed temperature. They presented an increase
close to 60% in the permeate flux when the feed temperature was elevated from 20 to
40 �C. In addition, the capability to change or modify the performance characteris-
tics of a membrane by controlling the temperature is a captivating idea which has
been pursued to a limited extent (Moll et al. 1997). The movement of the penetrant
molecules in nano-based membranes is reliant on thermally activated chain motion.
Furthermore, the solubility is tied to the interactions of polymer-penetrant and
penetrant condensability. Hence, the properties of polymer/nanofiller material like
chain stiffness, free volume, and polymer-penetrant interactions will have a strong
impact on the effect of temperature on separation performance (Rowe et al. 2010):

Jv ¼ ΔPT

μ Rm þ Rc þ Rf

� � ð8:3Þ

where Jv is the permeate flux (m/s), ΔP is transmembrane pressure (Pa or kg/m/s), μ
is the permeate viscosity (kg/m/s), Rm is membrane resistance (/m), Rc is the cake
resistance (/m), and Rf is irreversible fouling resistance (/m).

The impact of water temperature was investigated on both permeate flux and
rejection of ion; and a linear correlation between temperature and permeate flux by
nanofiltration performances was presented in the temperature range from 10 �C to
30 �C (Schaep et al. 1998). The influences of the concentration of poly (phthalazine
ether sulfone ketone), the type and additives concentration in the casting solution on
membrane permeation flux and rejection were also assessed by using orthogonal
array of the strategy of experiments in the separation of polyethyleneglycol. The
permeation flux greatly increased by raising the working temperature and the
pressure without any significant change on rejection (Jian et al. 1999). The transport
property of water on the permeation characteristics of nanofiltration was presented
by Sharma et al. (2003). It was concluded that increasing the temperature increased
the mean pore radii and the molecular weight cutoff of the membrane. This
suggested that the changes in the structure and morphology of the polymer matrix
consist of a membrane barricade stratum. Based on the free volume theory of
activated gas transport, activation energies of neutral solute permeability in aqueous
systems also increased with Stokes radius and molecular weight demonstrating their
hindered diffusion in membrane pores (Sharma et al. 2003). Experiments were also
done to examine the performance of membranes by varying the seawater tempera-
ture from 10 �C to 60 �C. The increase in the permeate flux with an increase in the
feed temperature was elucidated as the alteration of water viscosity and the mem-
brane itself. Furthermore, the increase of permeate flux could be predicted by the
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viscosity alteration in case of nano-based membrane (Kim et al. 2014). These studies
have shown that increase in the permeate flux with an increase in temperature
attributes to the thermal expansion of the membrane, the structure of membrane,
and alteration in water viscosity. However, temperature stability is an important
factor for any membrane to stand elevated feed operating temperatures and avoid
damage (Fard et al. 2018). Furthermore, a higher temperature increases osmotic
pressure and lowers the viscosity of water. Nonetheless, the influence of temperature
on viscosity is far more than its influence on osmotic pressure.

Operating Pressure

Nano-based filtration uses rough membranes; as a result, the operating pressure of
the nano-based filtration system is usually lesser to reverse osmosis systems. Fur-
thermore, the rate of fouling is lesser in comparison to reverse osmosis systems.
Operating at increasing pressure is ultimately directly proportional to an increase in
permeate flux. However, when the process reaches a definite point, the proportional
relationship between increasing pressure and an increase in permeate flux does not
apply due to fouling and concentration polarization occurrence (Susanto 2011).
Shaaban et al. (2016) did a parametric study of a nano-based separation process of
dye in order to characterize the effects of the operating variables, and transmembrane
pressure is one of the operating variables. The authors found that the linear increase
in dye concentrate flux declines with a precise pressure. The mechanism of propor-
tional relationship between increasing pressure and increase in permeate flux is
defined as a pressure controlling region and mass transfer region. Furthermore, the
mechanism of decline in a linear increase in flux going beyond a precise pressure is
also defined as a pressure controlling region and mass transfer region. In the mass
transfer region, increasing the operating pressure only results in a buildup of a solute
stratum. The buildup of a solute stratum will later repel and subsequently delay the
increase in the transport rate of components with an increasing pressure. This type of
limiting pressure should be taken into account in order to allow suitable design
applications that will give assurance of optimum fixed and operating costs. How-
ever, the study shows that increased operation pressure increased the dye rejection.
Abidi et al. (2016) presented the retention of ions by nanofiltration of synthetic
solutions containing phosphate salts with a Nanomax-50 charged membrane. The
effects of pressure, ionic strength, and pH on the retention of phosphate anions were
examined. The results revealed that the membrane experienced a hydraulic perme-
ability around 24.6 10�12 m s�1 Pa�1. The values of the rejection rate of the
phosphate anions are about 93% for HPO�

4 and 98% for HPO2�
4 . The rejection

rate of phosphate anions, mainly monovalent, rests on chemical parameters and the
transmembrane pressure. Hence, operating pressure affects both rejection of ions and
flow rates during membrane separation process.
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Flow Rate

For any membrane filtration process, the flow path of the fluid is orthogonal to the
membrane surface; hence flow rate is also a contributing factor that influences the
performance of nano-based membranes. Studies have shown that the permeation flux
of a NF membrane increased with increasing flow rates (Shahtalebi et al. 2011). In
the investigation done by Shaaban et al. (2016), greater feed flow rates resulted in
higher permeation flux, concentrate flow, and declined salt passage. Their investi-
gation revealed that the permeation flux was increased almost linearly with increas-
ing cross-flow velocity. Increasing cross-flow velocities resulted in the following
processes: (i) elevating the system mass transfer, (ii) enhancing the magnitude of
mixing close to the surface of the membrane, (iii) elevating the tangential and radial
velocities of the fluid that can break down the boundary stratum and result in the
failure of resistivity to diffusing species, (iv) expediting an ideal turbulence with
favorable flow pattern, and (v) minimizing the magnitude of concentration polari-
zation and osmotic pressure on the membrane surface (He et al. 2008; Shaaban et al.
2016). Hence, the influence of flow rate on the performance of nano-based mem-
branes can be attributed to the likely decrease of concentration polarization effect.
The concentration polarization is literally correlated to the boundary stratum thick-
ness, which is highly important for a successful separation.

In addition to all the membrane working conditions, nano-based membranes
fabricated should be subjected to characterization because the durability of these
membranes in the operational environment depends on diverse characterization. By
characterizing these membranes, membrane users would be able to expediently
select the membranes that satisfy some specific requirements; hence, decide the
working conditions under which the membranes would be operated (Khulbe et al.
2008). The different approaches and techniques such as atomic force microscopy,
scanning electron microscopy, transmission electron microscopy, contact angle
measurement, Fourier-transform infrared spectroscopy, etc. used for characterizing
nano-based membranes are described in the next section.

8.2 Characterizations of Nano-Based Membranes

Several properties demonstrated by nano-based membrane separation are as a result
of the contact reactions at the interface with their environment (Johnson et al. 2018).
The life span and stability of the nano-based membrane in different operational
environment is governed by the chemical, thermal, and mechanical characteristics of
the membrane (Khulbe et al. 2008). In an effort to comprehend and interpret how
such contact reactions influence their performance, especially when fabricating
novel nano-based membranes with enhanced properties, a detailed understanding
of their surface properties is very important. Hence, the performance of a nano-based
membrane is subjected to the membrane characterization which offers a useful
source of information (Hilal et al. 2017) on the environment in which the membrane
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can be operated. The following subsections describe some important characteriza-
tion techniques usually used to characterize the surface of membranes fabricated
with the incorporation of nanomaterials.

8.2.1 Atomic Force Microscopy (AFM)

Atomic force microscopy is an elevated scanning probe microscopy which demon-
strates resolution on the order of fractions of a nanometer by providing pictures of
atoms on or in the surfaces. Atomic force microscopy tool is used for imaging,
measuring, and manipulation of surfaces of different types of data such as polymer,
composite, ceramic, and biological samples, at the nanoscale level. Furthermore,
atomic force microscopy does not need a vacuum environment, but it can, thus, be
used in either an ambient or liquid environment. Hence, atomic force microscopy has
the capability of measuring topography, surface energy, and elasticity of samples at
the nanometer scale and molecular scale (Elnashaie et al. 2015). Atomic force
microscopy has been used to examine membrane surfaces as a result of its capacity
to measure surface roughness (Boussu et al. 2005), measurement of interaction
forces between membrane surfaces and foulant particles (Thwala et al. 2013), pore
size and pore size distribution (Hilal et al. 2005). However, identifying pores and
allocating pore sizes requires careful consideration. The first thing to do is to always
remember that the atomic force microscopy can only provide the sizes of the
openings of the pores and does not provide any data about the membranes’ interior
sizes. This results in a possible reason for any discrepancies in values obtained from
other methods studying flow through the membrane (Johnson et al. 2012).

Atomic force microscopy is known to be one of the most powerful tools used for
the analysis of surface morphologies since it creates three-dimensional images at
angstrom and nano-scale. Atomic force microscopy technique has been thoroughly
used to analyze the dispersion of nanometric components in nanocomposites mem-
branes (de Sousa et al. 2014). Recently, atomic force microscopy has also been used
to characterize novel nano-based membranes with the integration of nanofillers.
Abdallah et al. (2015) prepared manganese (III) acetylacetonate nanoparticles by a
simple and environmentally benign route based on hydrolysis of potassium–per-
manganate followed by reaction with acetylacetone in continuous stirring rate. The
nanoparticle powder prepared was dissolved in polymer solution mixture to produce
reverse osmosis-polyethersulfone with manganese (III) acetylacetonate as
metalorganic nanoparticle blend membrane, without any treatment of
polyethersulfone membrane surface. The membrane morphology and properties
were reported. Atomic force microscopy images demonstrated exceptional pores
size distribution of membrane blend and lower the surface roughness compared to
bare polyethersulfone. Al-Sheetan et al. (2015) fabricated reverse osmosis mem-
branes modified with tin dioxide nanoparticles of varied concentrations
(0.001–0.1 wt. %) through in situ interfacial polymerization of trimesoyl chloride
and m-phenylenediamine on nanoporous polysulfone supports. The nanoparticles
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dispersed in the dense nodular polyamide on the polysulfone side. The effects of
interfacial polymerization reaction time and tin dioxide loading on membrane were
used to examine the separation performance. The modified reverse osmosis mem-
branes were characterized by atomic force microscopy and several characterization
techniques. The synthesized tin dioxide nanoparticles size varies between 10 and
30 nm. The atomic force microscopy analysis showed that the membrane exhibited a
smooth membrane surface and average surface roughness from 31 to 68 nm. The
results revealed that an interfacial polymerization reaction time was vital to form a
denser tin dioxide–polyamide layer for higher salt rejection. Amouamouha and
Gholikandi (2017) deposited different thicknesses of silver nanoparticles with
proper adhesion on poly(vinylidene fluoride) and polyethersulfone surfaces by
physical vapor deposition. Atomic force microscopy analyses were used to study
the surface morphology and the bacteria anti-adhesion property of the membranes.
The morphology measurements established that after silver grafting, the surface
became more hydrophobic, the homogeneity increased, and the flux decreased
after coating.

8.2.2 Transmission Electron Microscopy (TEM)

The transmission electron microscope is a powerful tool used in characterizing
materials. An elevated energy beam of electrons is shone across a very thin material,
and the correlations between the electrons and the atoms can be employed to observe
characteristics like the crystal structure and features in the structure such as disloca-
tions and grain boundaries. Chemical analysis and the study of the microstructure
and growth of layers and their composition can also be performed using transmission
electron microscope (WARWICK 2018). Furthermore, the basic building blocks of
membrane can be studied by transmission electron microscope. The quantitative data
of particle, size distribution, morphology, and grain size can be attained through
transmission electron microscope. The transmission electron microscope can also be
used to give the key microstructural features of nano-based membranes.

In order to understand the microstructure of nano-based membranes, the transport
mechanism through these membranes has been theoretically studied using models
that are related to the dry membrane microstructure (Patterson et al. 2009). Such
models are the pore flow model (Vandezande et al. 2008) and the solution diffusion
models (Wijmans and Baker 1995). However, the physiochemical properties of the
membrane are required in order to elucidate the relationship between microstructure
and transport mechanism. Hence, the microstructure of the membranes must be
imaged and characterized to achieve the physiochemical properties. Patterson et al.
(2009) characterized microstructures of polyimide membranes in different media,
such as dry and wet solvent, by transmission electron microscopy, scanning electron
microscopy, and environmental scanning electron microscopy, where suitable. The
transmission electron microscope imaging of dry membranes showed that the
polyimide membrane has three microstructurally distinct polyimide layers.
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Furthermore, the transmission electron microscope images disclose nano-sized pore-
like topographies in the polyimide structure, which pointed out that the transport
mechanism is probably neither only solution–diffusion nor only pore flow. Hence,
the transmission electron microscope method of characterization transmitted elec-
tron that gives information about the size of nanoparticles (Mokhtari et al. 2017).
However, the constraint of transmission electron microscope technique is that it
characterizes only thin film samples rather than whole membrane (Zahid et al. 2018),
though higher resolution can be attained with the use of transmission electron
microscopy. The principle of transmission electron microscope is a little bit different
from scanning electron microscope (Zahid et al. 2018). The principle of scanning
electron microscope will be discussed in the next subsection.

8.2.3 Scanning Electron Microscopy (SEM)

A scanning electron microscope, similar to a transmission electron microscope, is
made up of a vacuum system, an electron optical column, electronics, and a software.
The optical column is considerably shorter since the only lenses required are those
directly above the specimen which is used to give attention to the narrow beam
electrons across the membrane surface and deep inside the membrane. The applica-
tion of scanning electron microscope needs minimum sample preparation that
includes drying of samples and coating of sample with conductive material such as
carbon and gold. Depending on the type of equipment available, the resolution of
scanning electron microscope is in the range of 10 and 50 nm. The micro-marker on
the scanning electron microscope micrographs is used in the estimation of the pore
size (diameter) (Agboola et al. 2014). Elia et al. (2016) reported a method for
measuring the mean pore size and the determination of the porosity of porous silicon
(PSi) layers, which involves image processing of top view by using scanning
electron microscope. The processing program could be used to measure the total
area of the pores and estimate its proportion to the total scanned area. Agboola et al.
(2017) examined the pore sizes of two nanofiltration (Nano-pro-3012 and NF90)
membranes using the micro-marker on the scanning electron microscope. The
smoothness and the dense nature of Nano-pro-3012 was observed with visible
pores, while NF90 membrane exhibited larger pores and an intertwining fibrous
network structure with several pores of different sizes.

Apart from the application of micro-marker on the SEM, for the estimation of the
pore size, scanning electron microscope is a commonly used tool for the determina-
tion of morphology and topography of membrane surface (Zahid et al. 2018). Rajabi
et al. (2015) investigated the synthesis of two different kinds of nano-zinc oxide
(nanoparticle and nanorod), characterized and embedded in a polyethersulfone
membrane matrix in order to study the effects of a nanofiller shape on the mixed-
matrix membrane characteristics and the antifouling capability. The characterization
of the membranes done by using SEM revealed that bulk porosity measurements
obtained from the scanning electron microscope microphotographs for the prepared
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membranes have a suitable porosity in the range of 61 and 77% and approximately
regularly arrayed fingerlike micro voids. Jang et al. (2015) prepared patterned
membranes with nano-scale hexagonally packed arrays using nanoimprint lithogra-
phy and micro-scale structured membranes. In order to confirm the deposition
tendency of smaller particles on the structured membranes in Region 1, the scanning
electron microscope images of particles on the structures were studied. It was found
that most particles with a size of 0.1 μmwere mainly deposited in the valley between
2 μm microstructures, whereas the upper regions were sparsely fouled. The authors
proposed that the influence of the structures on particle detachment could be too
small to detach particles from the membrane surface as a result of the lower shear
stress in valleys under the Region 1 condition. The particle deposition was well
mitigated in Region 2. It is physically impossible for particles in this region to be
placed in the lower shear region and to be trapped between structures because the
size of the particles is larger than the valley or spacing between structures. Hence, the
particles could deposit only on the upper or top position of dome-shaped structures
(Jang et al. 2015).

8.2.4 Gas Adsorption–Desorption Technique
(Brunauer–Emmett–Teller, BET) Method

Gas adsorption–desorption technique is used for estimating pore size, pore size
distribution, and the surface area using the Brunauer–Emmett–Teller method, pri-
marily for inorganic membranes; it can however be also used for organic membranes
(Prádanos et al., 1996). This technique is a pore characterization technique that can
measure pore size from 0.3 to 300 nm via the physical adsorption of gas molecules
on a solid surface (Hasanuzzaman et al., 2017). Thus, gas adsorption offers a quick
and quantitative technique for specific surface area, and it is used to establish other
textural properties of a solid such as pore size, total pore volume, pore volume
distribution, and adsorption energy distribution. Prádanos et al. (1996) investigated
the adsorption isotherms in conjunction with the Brunauer–Emmett–Teller theory
for multilayer adsorption which permitted them to attain the internal surface area of
the membrane. The volume, surface, and pore number distributions were calculated
from the Kelvin equation both in the adsorption and desorption processes. Nitrogen
is usually utilized for the adsorbent gas, though other adsorbents like argon and
benzene are also used. In this technique, adsorption–isotherm (amount of adsorbed
gas versus relative pressure (pressure/saturation vapor pressure of the adsorbent)) is
drawn, and the data are analyzed based on the assumption of capillary condensation
(Khulbe et al. 2010). The nitrogen adsorption Brunauer–Emmett–Teller analysis is
very useful in evaluating the surface area and pore size distribution of ceramic
membranes typically in the pore range of micro- and meso-size. However, the
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nitrogen adsorption Brunauer–Emmett–Teller analysis is rarely used for conven-
tional dense polymer membranes, known as “nonporous” (Tylkowski and
Tsibranska 2015).

8.2.5 X-Ray Powder Diffraction (XRD)

X-ray powder diffractometer is made up of an X-ray source (mainly an X-ray tube), a
sample stage, a detector, and a method of varying angle θ (see Fig. 8.4). The X-ray is
concentrated on the sample at some angle θ, while the detector opposite the source
reads the intensity of the X-ray it obtains at 2θ away from the source path. Then the
incident angle is increased with time, while the detector angle always remains 2θ
above the source path. X-ray powder diffraction is a non-destructive analytical
technique principally used for studying the structure, composition, and physical
properties of materials. Amouamouha and Gholikandi (2017) used X-ray diffraction
technique to appraise the structure of all pure and nanocomposite membranes during
deposition process and assess if silver presence could make any difference in the
structure of nanocomposite membranes or not. It is also used for identifying phase of
a crystalline polymer or nano-composite membrane, and it can provide information
on unit cell dimensions. The scattering of X-rays from atoms produces a diffraction
pattern, which contains information about the atomic arrangement within the crystal
of polymer or nano-composite membranes. Lee, Yoo, and Lee (2015) used X-ray
powder diffraction to study the various morphological analyses of the Nafion

2θ

Sample Stage

θ

X-ray Source X-ray Detector

Fig. 8.4 Schematic representation of a powder X-ray diffractometer. X-ray diffractometer is used
for recognizing phase of a crystalline of polymer or nano-composite membrane. Hence, a diffraction
pattern is used to determine and refine the lattice parameters of a crystal structure
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nanocomposite membranes in the states swollen by water. Crystallinity was deter-
mined via peak deconvolution of the characteristic X-ray powder diffraction peak
(10–24� of 2θ) using Gaussian function. The authors concluded that the right
deconvoluted peak can be assigned to the crystalline part due to the close proximity
to the crystalline peak of polytetrafluoroethylene.

8.2.6 Fourier-Transform Infrared Spectroscopy (FTIR)

A Fourier-transform infrared spectroscopy technique simultaneously collects high-
spectral resolution data over a wide spectral range in order to obtain an infrared
spectrum of absorption or emission of a solid, liquid, or gas. Fourier-transform
infrared spectroscopy is basically employed in order to get information about
composition of membranes or presence of different functional groups on the mem-
brane surface (Homayoonfal et al. 2015; Amouamouha and Gholikandi 2017). FTIR
spectroscopy technique is used to identify the cross-linking on a membrane surface
and to study the chemical structure of the membrane. In Fourier-transform infrared
spectroscopy technique, the molecular vibrations are analyzed when infrared radia-
tions relate with the membrane sample. This provides information about the presence
of functional groups on the surface of newly fabricated membranes (Mago et al.
2008) and modified membranes (Battirola et al. 2012). The most commonly mode
used for Fourier-transform infrared spectroscopy for the characterization of mem-
brane is attenuated total reflection (Zahid et al. 2018). Tayefeh et al. (2015) inves-
tigated the effects of magnetite and titania dioxide nanoparticles by loading in
trimesoyl chloride organic solution and in metaphenylene diamine aqueous solutions
on the surface characteristics of polyamide membrane. Among other characterization
techniques, dispersion of nanoparticles, surface bonds of magnetite and titania
nanoparticles with polyamide, and hydrophilicity of magnetic nanocomposite
reverse osmosis membrane were taken into account in each method by attenuated
total reflection Fourier-transform infrared spectroscopy. Their result revealed the
functional group of neat PA layer and thin film nanocomposite membranes which
contained of magnetite and titania dioxide nanoparticles. Three typical characteristic
peaks of formation of the polyamide layer were seen in spectrums: in 1654 cm�1

which corresponds to C¼O bonds stretching vibration (amide I), 1545 cm�1 which
corresponds to N–H bonds of amide group (amide II), and 1612 and 1488 cm�1

which correspond to aromatic ring breathing in terms of C¼C bond vibrations.
Furthermore, in specimen containing magnetite nanoparticles, as a result of the
decrease in specific bonds of polyamide as a barrier effect, there was a lower number
of bonds, and in the most of the regions, absorbance of membrane was lower. Again,
there are characteristic peaks which corresponded to Fe–O bonds: 635 cm�1 for
magnetite nanoparticles which was related to symmetrical tensional vibration of Fe–
O bond (Tayefeh et al. 2015).
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8.2.7 Contact Angle Measurement

The contact angle measurement is the measurement of an angle at which a liquid or
vapor interface reaches the surface of a solid. Hence, the term contact angle “θ” is a
estimative measure of the wettability of a material surface through Young’s equation
which describes the balance at the three-phase contact of solid, liquid, and gas.
Young’s equation is given in Eq. 8.4 (Agboola et al. 2014). The surface free energies
between the liquid, solid, and surrounding vapor result in the contact angle. γSV is the
solid–vapor interfacial energy, γSL is the solid–liquid interfacial energy, γLV is the
liquid–vapor interfacial energy, and θγ is an equilibrium contact angle which the
liquid makes with the surface. The interfacial energies form the equilibrium contact
angle of wetting. A wetting liquid is the liquid that forms a contact angle lesser than
90� with the solid, and a non-wetting liquid is the liquid that forms a contact angle
between 90� and 180� with the solid. The accepted techniques for measuring contact
angle are the sessile drop and captive bubble. Hence, the ability of liquids to form
boundary surfaces with solid is known as wetting (Agboola et al. 2014). The contact
line on a material can be observed as a point object on which the force balances are
made in two and dimensional representations (see Fig. 8.5a and b):

γSV ¼ γSL þ γLV cos θγ ð8:4Þ

The contact angle measurement is usually used to describe the relative hydro-
phobicity/hydrophilicity of a membrane surface. Generally, membrane surfaces
exhibiting water contact angle higher than 90� are considered hydrophobic, while
membrane surfaces exhibiting water contact angle lower than 90� are considered
hydrophilic. Ghaemi et al. (2011) measured the water contact angles of
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Fig. 8.5 (a) Three-
dimensional representation
of a drop on a surface
describing the surface
energies; here, the surface
tensions can be observed as
surface energies; (b)
two-dimensional
representation of a drop on a
surface describing the
interfacial tension as forces
balanced along the x-axis
(Agboola et al. 2014)
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nanocomposite membranes containing polyethersulfone and organically modified
montmorillonite, prepared by a combination of solution dispersion and wet-phase
inversion methods. The authors found that the highest contact angle belongs to
polyethersulfone which shows the lowest hydrophilicity. When the concentration
of organically modified montmorillonite was increased, the contact angle intensely
decreased and a more hydrophilic membrane was fabricated. The organically mod-
ified montmorillonite10 membrane showed the lowest contact angle demonstrating
the highest hydrophilicity. The strong change in hydrophilicity of the membranes
prepared with organically modified montmorillonite can be attributed to the fact that
the organically modified clay is hydrophilic which further carries very hydrophilic
polar ammonium moieties. Huang et al. (2010) used the plasma-induced grafting of
acrylic acid to enhance the wettability of the electrospun poly(vinylidene fluoride)
nanofiber membranes. The surface contact angle of the nanofiber membrane was
91.2� which is in agreement with the strong hydrophobicity of poly(vinylidene
fluoride) material to water. A significant decrease in the contact angle on the grafted
poly(vinylidene fluoride) membrane was observed, which may be attributed to the
grafting of hydrophilic radical, -COOH.

Superhydrophobic surfaces which is usually defined as surfaces with a water
contact angle of �150� and sliding angle of �10� has found increased attention as a
result of lotus effect mechanism reported by Barthlott and Neinhuis (1997). The
lotus effect was ascribed to the amalgamation of two characteristics which are a low
surface energy waxy layer and hierarchical surface roughness with micro- and nano-
scale structures (Li et al. 2017a, b). Artificial superhydrophobic surfaces are nor-
mally synthesized in two stages: (1) fabrication of hierarchical micro-/nanostructures
in order to enhance the surface roughness and (2) modification of surface chemistry
in order to reduce the surface free energy (Hamzah and Leo 2017). Ávila et al. (2013)
studied the synthesis of superhydrophobic nano modified membranes using an
adjustable micropipette (0.1 μL–1.0 μL). Large variations on water contact angle
measurements were observed. The authors concluded that the large variations on
water contact angle measurements can be ascribed to the random distribution of
fibers that creates a very rough surface. The interface between the beginning of the
water droplet and the end of the surfaces becomes more defined as the hydropho-
bicity increases, and the standard deviation on water contact angle measurements
decreases. Furthermore, a smaller fiber diameters increase the surface roughness and
consequently the water contact angle (Carré 2007). Shahabadi and Brant (2019)
investigated superhydrophobic of nano-fibrous membranes fabricated by having
hierarchical surface roughness made of carbon black nanoparticles. The membrane
support had an average θH2O of 139 � 0.9� indicating that it was highly hydropho-
bic. This was due to a combination of the hydrophobic nature of polyvinylidene
fluoride-co-hexafluoropropylene polymer and the micro-scale surface roughness
made by the randomly arranged and stacked nanofibers. Literature has reported
that for the same polymer, non-woven nanofibrous membranes display higher
hydrophobicity compared to membranes prepared by traditional approaches as a
result of the hierarchical structure of the erratically deposited nanofibers (Kang et al.
2008). Hence, when tested for surface wettability, the prepared membrane showed
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water contact angle, sliding angle, and contact angle hysteresis values of 160.8�,
7.0�, and 5.3�, respectively. Nonetheless, liquids with surface tensions �36.6 mN/m
had zero contact angle on the membrane surface (superoleophilicity).

Apart from characterizing nano-based membranes in terms of wettability, surface
roughness, pore size distribution, structure, and functional group, it is necessary to
characterize membranes based on transport properties in order to know what partic-
ular membrane to be used in a particular process. Hence, the relationship between the
membrane structure and the actual performance depend the transport mechanism.

8.3 Transport Properties for Nano-Based Membranes

Membranes are thin layers with the capacity of controlling the transport of chemical
species in contact with them (Baker 2004). The restriction of the transport rate of
molecules through polymeric membranes is due to their micrometer-scale thickness,
pore size, and porosity which limit their appropriateness for more practical applica-
tion (Nguyen et al. 2015). Hence, the transport of solute across nano-based mem-
branes is principally controlled by the surface layer, thickness, porosity, and pore
size. Generally, nano-based membranes are seen as a bundle of capillaries with
active structural characteristics such as membrane thickness, pore size, and porosity
ratio and electrical characteristics like their active volume charge density. The
unification of pore diameters of about few nanometers with electrically charged
materials indicates that solute exclusion results from a compound mechanism
containing several phenomena (Szymczyk and Fievet 2005). Hence, the main aim
of theoretical characterization is to predict the performance of a membrane from its
morphological features. Theoretical characterization requires the use of pore size of
the membrane to model the performance of the membrane.

Various models such as preferential sorption/capillary flow, solution diffusion,
Donnan–steric partitioning pore model/dielectric exclusion, and extended Nernst–
Planck have been developed to predict the phenomena of solute particles transport
across the membranes (Ho and Sirkar 1992). However, the most widely adopted
models for nano-based membranes such as nanofiltration are established on the
extended Nernst–Planck equation which is use to describe the mass transfer and an
equilibrium partitioning in describing the distribution of ions at the pore inlet and
outlet (Tsuru et al. 1991; Mohammed et al. 2002). The initial descriptions of the
mass transfer process in nanofiltration were based on irreversible thermodynamics;
however, another method used in describing mass transfer through nanofiltration
membranes was the space-charge modeling system. Most of these models have
shown that nanofiltration membranes offer excellent selectivity between neutral
solutes, which are rejected based on their size. Monovalent ions, which are rather
well transmitted, are mostly rejected by nanofiltration membranes (Lanteri et al.
2009). These sections will discuss the models used in characterizing the transport
properties of nano-based membranes.
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8.3.1 Preferential Sorption/Capillary Flow (PSCF)

Preferential sorption/capillary flow model is an old model proposed by Sourirajan
(1970). This model anticipated that the mechanism of separation is determined by
both surface phenomena and fluid transport across the pores. Based on the mecha-
nism of preferential sorption, separation is the joint result of preferential sorption of
one of the constituents of the fluid mixture at the boundary membrane–solution and
the permeation of fluid across the microporous membrane. The model states that the
membrane barrier layer has suitable chemical properties having a preferential sorp-
tion for solvent or a preferential repulsion for solute of the feed solution (Ho and
Sirkar 1992). In this context, the term “preferential sorption” refers to the existence
of a steep concentration gradient at the membrane-solution interface, and the terms
“pore” and “capillary” refer to any void space linking the high pressure and low
pressure sides of the membrane, with the occurrence of fluid permeation and material
transport during the separation process (Sourirajan 1978). Hence, preferential sorp-
tion at the boundary of membrane–solution is a dependent on solute–solvent mem-
brane material interactions coming from steric, nonpolar, polar, and/or ionic
character of each one of the components (Sourirajan 1978). However, for the
separation to occur, one of the constituents of the feed solution must be preferentially
sorbed at the membrane–solution interface. Thus, the physicochemical principles
responsible for preferential sorption at fluid–solid interfaces constitute a fundamen-
tal part of this mechanism. Furthermore, effective molecular size of the permeants,
pore size and its distribution in the membrane, the specific interaction between the
permeant and the membrane material controls the separation (Roy and Singha 2017).
According to this model, the water flux is given as:

Nw ¼ A Δp� π y0s
� �� π y00s

� �� �� � ð8:5Þ

where A is the pure water permeability constant, Δp is the applied pressure differ-
ence, π(ys) is the osmotic pressure of a solution with solute mole fraction of ys. y0s and
y00s are, respectively, the mole fraction of solute in the permeate and the feed
solutions. The solute flux is given as:

Ns ¼ cTKsDsm

x
y0s � y00s
� � ð8:6Þ

where cT is the total molar concentration,Dsm is the diffusion coefficient of the solute
in the membrane, Ks is the solute distribution coefficient, and x is the membrane
thickness.

For the preferential sorption/capillary rejection, the membrane is heterogeneous
and microporous. Furthermore, electrostatic repulsion takes place as a result of
different electrostatic constants of the solution and the membrane (Shon et al.
2013). With respect to nano-based membrane, sorption surface–capillary flow char-
acterizes the preferential sorption of molecules of water in the membrane and
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desorption of multivalent ions which occurs via dielectric forces, instigating exclu-
sion of charged solutes through the assumption of cylindrical pores (Abhang et al.
2013). Nonetheless, the assumption of cylindrical pores, influence of the size, and its
distribution restrict its suitability in describing the separation characteristics. Fur-
thermore, the model cannot justify the inverse relation of flux and membrane
thickness, membrane swelling, and trade-off relationship of the flux and the separa-
tion factor (Roy and Singha 2017).

8.3.2 Solution Diffusion Model

Solution diffusion model is the one of the earliest model proposed for reverse
osmosis which is however now applicable to nano-based membranes (Hidalgo
et al. 2013). This model is founded on the principle of membrane diffusion of
molecule across a dense polymer layer. The component needed to be transported
requires to be first dissolved in the membrane. The common procedure used in
developing solution-diffusion model is to presume that the chemical potential of
permeate and feed fluids are in equilibrium alongside with the membrane surface.
The pressure, temperature, and composition of the fluid on either side of the
membrane determine the concentration of diffusing species at the membrane surface
when in equilibrium with the fluid (Baker 2004). Hence, the suitable expressions for
the chemical potential in the fluid and membrane phases can be equated at the
solution–membrane interface. The solution diffusion model can be written as:

Jw ¼ Dmw � Cmw � Vm

RTδ

� 	
	 ΔP� Δπð Þ

h i
ð8:7Þ

¼ Aw ΔP� Δπð Þ ð8:8Þ

where Dmw is membrane water diffusivity (m2/s), Cmw membrane water concentra-
tion (kg solvent/m3), Vm is molar volume of solvent, Aw is water permeability
(constant), and δ is the effective thickness of membrane. ΔP ¼ P1 � P2 is the
hydrostatic pressure difference with P1 exerted on the feed and P2 exerted on the
product, and Δπ ¼ π1 � π2 is the osmotic pressure difference of the feed solution to
that of the permeate solution. However, the model will fail to predict the flux
behavior for dilute organics with negligible osmotic pressure. The flux equation
for the diffusion of solute through the membrane is written as:

Js ¼ DmsKs

δ

� 	
	 c1 � c2ð Þ

h i
ð8:9Þ

¼ As c1 � c2ð Þ ð8:10Þ

where As ¼ DmsKs
δ is the solute permeability constant (m/s), Js is the solute flux

(kg solvent/s m2), Dms is the diffusivity of solute in membrane (m2/s), and Ks is
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the distribution coefficient. With respect to steady-state condition, the solute diffus-
ing across the membrane must be equal to the amount of solute leaving the permeate
solution (kg solvent/m3):

Js ¼ Jwc2
cw2

ð8:11Þ

where cw2 is the concentration of solvent in permeate stream.
In conclusion, for a solution diffusion model, the membrane is made of homo-

geneous and nonporous material. Solute and solvent dissolve in the active layer of
the membrane, and the transport of the solvent occurs due to the diffusion through
the layer (Shon et al. 2013). The chemical potential gradient regulates the transpor-
tation of matters across the membrane. In addition, the chemical potential gradients
of the solvent and the solute are influenced by the concentration of species and
pressure differences across the membrane (Abdel-Fatah 2018).

8.3.3 Dielectric Exclusion (DE)/Donnan–Steric Partitioning
Pore Model (DSPM)

Dielectric exclusion model is known to be one essential mechanism used for the
separation of ion in membranes having fixed charges in the active layer of nano-
based membranes such as nanofiltration membranes. Nano-based membranes are
fabricated to selectively reject a specific ion or group of ions, which was attained by
the addition of functional groups (charges) in the membrane active layer. These
charges yield an extra rejection as a result of electrostatic phenomena that prevent the
movement of charges across the membrane. Furthermore, nanofiltration membranes
permit the rejection of ions when their size is lower than the pore size. The rejection
of the target compounds take place in two main mechanisms. (1) partitioning
mechanisms that take place as a result of steric effect, Donnan equilibrium, and
dielectric exclusion, which come about in the interfaces of the active layer, and
(2) transport mechanisms that take place as a result of convection, diffusion, and
electrokinetic effects, which ensue via the length of the active layer thickness (Silva
2015). In addition, Nano-based membranes are fabricated for adsorption of charged
species from the solution onto the membrane surface (Labbez et al. 2002). Hence,
the electric charge of a nano-based membrane plays a significant role in the charge
separation during a filtration process owing to the formation of electrical double
layers that are comparable or bigger than the membrane pore size (Kotrappanavar
et al. 2011).

The dielectric effects are made of two different contributions. Firstly, the dielec-
tric effect is related to the reduction of the dielectric constant of a fluid in the
nanoporous media (Senapati and Chandra 2001). This effect is known as the Born
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effect. The effect correlates to the variation of the solvation energy of an ion
transported from the bulk solution to the nano pores of the membrane. Even when
the effective dielectric constant of the solution compacted inside the pores is lower
than the effective dielectric constant of the bulk solution, the excess solvation energy
remains positive and hence the ions are rejected by the membrane pores (Fadaei et al.
2012). Secondly, the dielectric effect arises as a result of the difference between the
effective dielectric constant of the solution inside the pores and of the membrane
(Yaroshchuk 2000). The dielectric Born energy equation is given by Eq. 8.12, and
the dielectric image forces energy is given by Eq. 8.13. This effect depends on the
geometry of the pores:

ΔWi,Born ¼ zieð Þ2
8πε0kBTri

1
εp

� 1
εb


 �
ð8:12Þ

ΔWi,image 0�=0þð Þ ¼ �αi ln 1� εp � εm
εp � εm


 �
exp �2μ 0�=0þð Þ

� 	� 

� silt � like poresð Þ ð8:13Þ

where 0+ is the effect just inside the membrane in the feed interface, 0� is the effect
just outside the membrane in the feed interface, i is the ion, zi is the ion valence, and
e is the electronic charge. The subscripts b, m, and p are bulk, membrane, and pores,
respectively, εb is the dielectric constant of the solution in the bulk (dimensionless),
εm is the dielectric constant of the membrane material (dimensionless), and εp is the
dielectric constant inside the pores (dimensionless). ΔWi, image is the energy differ-
ence due to image forces effects (J ).

Donnan–steric partitioning pore model is the conventional method in modeling
the transport across nanofiltration membranes. In 1996, Donnan–steric partitioning
pore model was proposed by Bowen and Mukhtar (Bowen and Mukhtar 1996). This
model has been utilized to investigate the rejection properties of a variety of
nanofiltration membranes. Donnan–steric partitioning pore model has proven to be
very effective in modeling the nanofiltration behavior for aqueous solutions of
sodium chloride and sodium sulfate (Vezzani and Bandini 2002). The Donnan–
steric partitioning pore model uses three main parameters: the pore radius rp, the
effective charge density of the membrane Xd, and the effective ratio of membrane
thickness to porosityΔx/Ak. The equation that describes the ionic transport across the
membrane is the Nernst–Planck equation (Eq. 8.14). The hindered nature of ion
across the pores is used to account for the ratio λi of the solute radii to the membrane
pore radius that determines the steric hindrance factors Ki, d and Ki, p. The
electroneutrality conditions of each solution are given in Eq. (8.15). The concentra-
tion gradient in Eq. (8.16) can be gotten by combining Eq. (8.14) and Eq. (8.15). The
relations between the boundary conditions for the concentrations in the membrane
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and the concentrations in the solutions are established through the application of
Donnan–steric partitioning equation (Eq. 8.17). The volumetric flux Jv is calculated
using the Hagen–Poiseuille equation (Eq. 8.18) (Gozálvez-Zafrilla et al. 2005):

ji ¼ �Ki,pDi,1
dci
dx

� FziciKi,pDi,1
RT

dψ
dx

þ Ki,cciV ð8:14Þ
X
i

ziCi ¼ 0

X
i

zici þ Xd ¼ 0
ð8:15Þ

dci
dx

¼ Jv
Ki,cci � Ci,p

Ki,pDi,1
� zici

P
i
zi

Ki,cci�Ci,p

Ki,pDi,1P
i
z2i ci

2
64

3
75 ð8:16Þ

ci,w
Ci,w

¼ 1� λið Þ2 exp �zi
F
RT

ΔΨD

� 	
ð8:17Þ

JV ¼ VAk ¼
r2p

8μ Δx
Ak

� 	 ΔP� ΔΠð Þ ð8:18Þ

where, Di, p is the hindered diffusivity (m2/s), ci is the concentration of ions in the
membrane (mol/m3), zi is the valence of ion (i), Ki, c is the hindrance factor for
convection in the structure of nano-based membrane, R is the universal gas constant
(J/mol.K), T is the absolute temperature (K), F is the Faraday constant (C/mol), and
ψ is the electrical potential (V) in the pores.

However, the Donnan–steric partitioning pore model and other related models
such as dielectric exclusion, based on a steric/electric exclusion mechanism, have
several shortcomings (Lanteri et al. 2009). One of the shortcomings is that these
models are incapable of fitting the rates of experimental rejection of various elec-
trolytes with a single value of the ratio of the membrane thickness-to-porosity
(Bowen and Mukhtar 1996; Schaep et al. 1999). Another shortcoming is that the
steric/electric exclusion theory fails to characterize the high rejection rates detected
with some NF membranes with respect to ionic solutions containing divalent
counterions (Szymczyk and Fievet 2005). Furthermore, Donnan–steric partitioning
pore model is not suitable for the prediction of rejection of divalent counterions like
calcium chloride (Vezzani and Bandini 2002). The studies of Schaep et al. (2001)
and Szymczyk and Fievet (2005) have shown that the Donnan exclusion is not
enough to describe the strong rejection rates measured for multivalent counterions.
The limitation was as a result of the insufficient combination of Donnan equilibrium
and steric effects to predict the solute partitioning at the membrane–feed and the
membrane–permeate boundaries (Fadaei et al. 2012). Very much unlike the Donnan
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exclusion, which is repulsive for co-ions and attractive for counterions, the dielectric
exclusion is usually not favorable for any ion, irrespective of its charge sign (Lanteri
et al. 2009).

8.3.4 Extended Nernst–Planck Model

The Donnan–steric partitioning pore model employs the extended Nernst–Planck
equation to explain the transport of ion inside the pores under the influence of drag
forces (Gozálvez-Zafrilla and Santafé-Moros 2008). The model employs structural
and electrical parameters, namely, pore radius, rP; effective ratio of membrane
thickness to porosity, Δx/Ak; and the effective charge density, Xd. When the ranges
of these parameters are known, the use of numerical predictive method to choose the
membrane best suited to a particular process becomes more possible (Bowen and
Mohammad 1998). The fitting of the rejection data of uncharged solutes and simple
salts can be used to attain these parameters. After the attainment of these parameters,
the model can be utilized to predict the capacity of separating ions or charged solutes
in the system (Mohammed et al. 2002). The basis for the description of the transport
of ions/solutes inside the membranes is founded based on the extended Nernst–
Planck equation. The extended Nernst–Planck equation can be written as:

ji ¼ �Di,p
dci
dx

� ziciDi,p

RT
F
dψ
dx

þ Ki,cciV ð8:19Þ

The term on the left-hand side, ji, is the flux of ion i, and the terms on the right-
hand side signify transport of ions as a result of diffusion, electric field gradient, and
convection, respectively. Di, p is the hindered diffusivity (m2/s), ci is the concentra-
tion of ions in the membrane (mol/m3), zi is the valence of ion (i), Ki, c is the
hindrance factor for convection in the structure of nano-based membrane, R is the
universal gas constant (J/mol.K), T is the absolute temperature (K), F is the Faraday
constant (C/mol), and ψ is the electrical potential (V) in the pores (Kowalik-
Klimczak et al. 2016). The solution of this model also needs three parameters: the
pore radius, rP; effective ratio of membrane thickness to porosity, Δx/Ak; and the
effective charge density, Xd. The first two parameters can be attained by utilizing
rejection data for uncharged solutes, while Xd is attained by utilizing salts data. For
uncharged solutes, only the diffusive and convective flows affect the transport of
solutes inside the membrane. The solute flux can thus be expressed as:

ji ¼ �Di,p
dci
dx

þ Ki,cciV ð8:20Þ
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In order to develop an expression for rejection of the solute, Eq. (8.6) is integrated
through the membrane with the solute concentrations in the membrane at the upper
(x ¼ 0) and lower (x ¼ Δx) surfaces written in terms of the external concentrations
(Ci, m and Ci, p) using the equilibrium partition coefficient, ϕ:

ϕ ¼ ci,x¼0

Ci,w
¼ ci,x¼Δx

Ci,p
¼ 1� rs

rp


 �2

ð8:21Þ

where Ci, m and Ci, p are bulk feed concentration and permeate concentration,
respectively, and these concentrations can also be measured experimentally
(Mohammed et al. 2002).

Furthermore, the Donnan–steric partitioning pore model with dielectric exclusion
(DSPM-DE) is an extensive model used in predicting the mechanism of
nanofiltration. The hybridized model solves the extended Nernst–Planck equation
for each solute species across the membrane and applies boundary conditions at the
membrane surfaces to account for the Donnan exclusion, dielectric exclusion, and
steric exclusion effects. The hybridized model describes the mechanism of dielectric
exclusion, which is very important for a correct prediction of the rejection of
multivalent ions by the nanofiltration membrane (Roy et al. 2015). Omar et al.
(2017) adopted the DSPM-DE model to predict the softening performance of
cross-linked NF membranes and to elucidate the observed rejection trends which
include negative rejection and their underlying multi-ionic interactions. A method
founded on sensitivity analysis demonstrated that the membrane pore dielectric
constant and the pore size are principally responsible for the high rejections of the
NF membranes to multivalent ions. Their findings show that the distinctive capabil-
ity of these membranes to completely separate multivalent ions from the solution,
while allowing monovalent ions to permeate, is a strategy to making this
low-pressure softening process realizable (Omar et al. 2017).

8.4 Environmental Applications of Nano-Based
Membranes

Environmental remediation comprises of degradation, sequestration, and other
related methods which led to a minimized hazard to human and the environment.
The benefits, which originate from the application of nanomaterials for remediation,
would be more swift or cost-effective for treating wastes (Mansoori et al. 2008).
Environmental applications of nano-based membranes such as nanofiltration and
nanocomposite membranes fabricated with the integration of nanofillers address the
advanced solutions to the existing environmental problems. The applications further
address the advanced preventive measures needed for future challenges resulting
from the interactions of wastewater/energy and materials with the environment.
There are several promising environmental applications of nano-based membranes;
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however, this section focused on researches done on desalination, gas separation,
solid pollution control, air pollution control, energy storage, and water technologies.

8.4.1 Nano-Based Membrane Operation for Efficient
Desalination

As insufficient available freshwater resources become increasingly scarce to meet
the demand of water usage, researchers now consider seawater as an alternative
source of freshwater. In order to address the need of pure water, several water
treatment technologies have been offered and applied at experimental and field
levels (Das et al. 2014). Most of the world’s water supply has too much salt for
human consumption, and desalination is an option from the several water treatment
technologies. However, the cost of desalination method is expensive for the removal
of salt to provide new sources of drinking water. Hence, low-cost desalination
technique with high efficiency and productivity should be established. In addition,
nanofillers such as carbon nanotube and nanoparticles can be used to remediate
groundwater and surface water polluted with hazardous chemicals and substances
(Mansoori et al. 2008). The application of nanocomposite membranes is an optimis-
tic substitute for water desalination that will continue to be used based on the proof
of the increasing number of published articles on the subject matter, demonstrating
the growing research in the field. Figure 8.6 shows the articles that focused on the
fabrication and development of nanocomposite membranes for wastewater
treatment.

Recently, carbon nanotube has stimulated much attention as a result of its
exceptional optical, electronic, thermal, and mechanical properties (Razmkhah
et al. 2017). As a result of its exceptional properties, carbon nanotube has the

Fig. 8.6 Publications related to the fabrication of nano-based membranes for wastewater treatment
during the period of 2010 to 2019 based on literature search using Scopus. (Date of access: 3rd of
January 2019)
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prospective capability to transform desalination and demineralization. This is due to
its capability to remove aromatic compounds, salts, and heavy metals without
significant influence on the flow rate of water molecules (Pourzamani et al. 2012).
Carbon nanotube membranes have the ability to lessen the cost of desalination
(Mansoori et al. 2008). Base on the recent fabrication schemes, there are two types
of carbon nanotube membranes: they are (1) vertically aligned (VA) and (2) mixed-
matrix carbon nanotube membranes (Ahn et al. 2012). The vertically aligned carbon
nanotube membranes can be fabricated by aligning perpendicular carbon nanotubes
with supportive filler contents such as silicon nitride, epoxy, etc. between the tubes
(Hinds et al. 2004). A mixed-matrix carbon nanotube membrane is made up of a
number of layers of polymers or other composite materials. These membranes
consume low energy due to carbon nanotube’s frictionless water transport ability
across nanotube hydrophobic hollow cavity. The membrane is extremely sensitive
towards the multiple water contaminants and salts. Furthermore, as a result of the
carbon nanotube cytotoxicity, the carbon nanotube membrane has antifouling and
self-cleaning abilities with high recrudescence and reusability facilities (Das 2017).
Despite the excellent properties that carbon nanotube membranes exhibit, it is
important for desalination process to demonstrate proper selection of appropriate
parameters in order to ensure a very high level of the process controllability. Hence,
the importance of a sophisticated control, tailoring of the growth structure, and
morphology of the carbon nanotube arrays (Levchenko et al. 2013).

Controlling the morphology of nano-based membrane components at the nano-
meter scale is essential to next-generation technologies in water desalination, fuel
cell, and gas separation applications (Song et al. 2009). In order to endorse the
requirements of desalination and water purification, the membrane should have an
appropriate porosity and pore size distribution. Due to the controllable pore size and
rational easy aligning process (Yamada et al. 2006), carbon nanotube has revealed a
novel space to the application involving desalination process (Razmkhah et al.
2017). Hence, membranes that have carbon nanotubes as pores can be possibly
used in desalination and demineralization (Raval and Gohil 2009). A well-aligned
carbon nanotube can be used as robust pores in membranes for the applications of
water desalination and decontamination (Elimelech and Phillip 2011). Suitable pore
diameters can form energy barriers at the channel entries, rejecting salt ions, thus
allowing water through the nanotube hollows (Corry 2008). Furthermore, the mod-
ification of carbon nanotube pores is possible in order to selectively sense and reject
ions (Bakajin et al. 2009). Hence, carbon nanotube membrane could be utilized as a
“gate keeper” for size controlled separation of multiple pollutants. The modification
of the exterior surfaces of carbon nanotube can enhance the trapping of filler
materials into carbon nanotube interstitial spaces. The mixtures of organic and
inorganic fillers could also keep individual nanotube in well-aligned carbon nano-
tube membrane (Das et al. 2014).

A self-standing network of aligned multi-walled carbon nanotubes can appropri-
ately function as an ultrafiltration media. However, there are countless prospects to
functionalize carbon nanotubes (Tasis et al. 2006; Hussain et al. 2012). The pros-
pects are grouped as (a) the endohedral filling of carbon nanotubes inner empty
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cavity, (b) the addition of covalent chemical groups via reactions onto the
π-conjugated skeleton of carbon nanotube, and (c) the adsorption of noncovalent
or wrapping of several functional molecules (MingJian et al. 2009). The tips of
carbon nanotubes can be suitably functionalized to yield positively charged and
negatively charged membranes, in order to be used for water desalination. The
functionalization of carbon nanotube tip can present the essential physicochemical
features into the surface of the membrane. These features could result in a highly
selective elimination of contaminants centered on physicochemical interaction of
species with the availability of the functional group over the carbon nanotube tip
(Kar et al. 2012). Kar et al. (2012) respectively presented pictorial illustrations of
positively charged (quaternary ammonium group) functionalized single-walled car-
bon nanotube and negatively charged (sulfonic acid group) moieties (see Fig. 8.7).
This presentation can serve as a building block towards the development of charged
nano-based membrane applications that will facilitate desalination. Hence,
functionalization also controls pore size and diameter which are appropriate for
synthesizing even carbon nanotube membranes for optimum water desalination
(Das et al. 2014).

Nano-Based Membrane Operation for Efficient Removal of Pathogens

Similar to all surface water sources and some groundwater sources, there could be
contamination by pathogenic viruses and diverse of chemical contaminants from
human actions (World Health Organization 2011). It’s been known that there is a

Fig. 8.7 (a) Pictorial representation of functionalization of CNT tip with quaternary ammonium
group for development of positively charged nanofiltration membrane; (b) pictorial representation
of functionalization of carbon nanotube tip with sulfonic acid group for development of negatively
charged nanofiltration membrane (Kar et al. 2012)
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need to remove pathogens from potable water supplies due to its negative impact on
the community. Desalination process generally offers a substantial barrier to path-
ogens and chemical contaminants. This barrier might not be absolute, and a number
of concerns might possibly have an effect on public health (World Health Organi-
zation 2011). Pathogenic contaminations of water result in epidemic diseases. This
contributes to the rates of background disease around the world which extremely
have negative impact on most developing countries. The detrimental effects from
pathogens range from mild acute illness, via chronic severe sickness, to fatality.
Vital waterborne (transmission through the consumption of unclean water), water-
washed (where the quality of used cleansing water doesn’t have much consideration
itself, acts as a pathogen source), and water-based (where the pathogen or an
intermediate host uses part of its life cycle in water) diseases annually kill millions
of people. However, the most common transmission route is the oral consumption
route of pathogens, resulting from human feces and urine present in contaminated
water, including cleansing/washing water (Clarity 2009). Hence, these pathogens
need to be removed from contaminated water.

A variety of water treatment methods can enhance the safety of potable water with
respect to pathogenic contamination. The removal of pathogen processes of conven-
tional water treatment plants could have influence on the quality of effluent water
(turbidity, pH, temperature) and decrease the capability of sensing pathogen (Das
et al. 2014). There has been an increase in the applications of membrane technology,
in newly built water treatment plants and existing water treatment plants. In the past
two decades, the importance of membrane filtration as a sustainable wastewater
treatment technology approach has enhanced membrane variability, system depend-
ability, and cost-effectiveness. The capabilities of microfiltration and ultrafiltration
membrane size exclusion have shown their potential for removal of concurrent
pathogen (Clarity 2009). Most importantly, the application of ultrafiltration mem-
brane technology can efficiently eliminate pathogens to the very high degree. This is
achieved through chemical oxidative disinfection, and it is without any accompany-
ing problems together with the costs of storing and using corrosive agents. However,
substantial problems would come up if membrane integrity, such as fiber tear and
membrane scratched fail, as the efficiency removal of pathogen can intensely
deteriorate.

Therefore, it is necessary to develop strapping membrane materials in order to
overcome problems that could affect membrane integrity. It is also important to
effectively monitor the effluent in order to identify integrity problems that remains
an essential component of a microfiltration/ultrafiltration treatment system (Clarity
2009). However, the nanoporous surfaces of carbon nanotube membranes are
appropriate for rejecting micropollutants and ions in liquid phase. The hydrophobic
hollow structures motivate the frictionless movement of water molecules without
any need for energy-driven force to drive water molecules across hollow tubes. The
cytotoxic effects of carbon nanotube membranes decrease biofouling and increase
membrane life by killing and removing pathogens (Das et al. 2014). Brady-Estévez
et al. (2008) investigated a novel, highly permeable single-walled carbon nanotube
filter for effective removal of bacterial and viral pathogen from water at low pressure.
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The filter was developed by using a poly (vinylidine fluoride)-based microporous
membrane covered with a thin layer of single-walled nanotubes. Their result
revealed that E.coli bacteria were completely retained on the single-walled nanotube
filter and are effectively inactivated upon contact with the single-walled nanotubes.
The viruses could also be completely eliminated by a depth-filtration mechanism.

Nano-Based Membrane Operation for Efficient Removal Organic
Micropollutants in Drinking Water

Micropollutants are defined as contaminants detected in trace concentrations, in
water bodies that are insistent and bioactive. They are not totally biodegradable
and cannot be eliminated by conventional water treatment methods (Silva et al.
2017), hence the existence of emerging microcontaminants such as endocrine
disrupting compounds in contaminated water. This has made existing conventional
wastewater treatment plants noneffective, and they are unable to meet the environ-
mental standards (Amin et al. 2014). When these compounds are discharge into the
aquatic environment, they have effect on all living organisms. The traditional
materials and treatment technologies like activated carbon, oxidation, and activated
sludge are not very effective to treat complicated contaminated waters comprising of
pharmaceuticals, surfactants, personal care products, diverse industrial additives,
and numerous chemicals claimed. The conventional water treatment processes do
not have the capability of adequately addressing the removal of a wide spectrum of
toxic chemicals and pathogenic microorganisms in raw water (Amin et al. 2014).

In order to develop efficient techniques that will eliminate these micropollutants,
it is important to comprehend their physicochemical properties and the available
treatment types and conditions (Silva et al. 2017). Membrane processes are regarded
as unconventional methods used for removing massive amounts of organic
micropollutants (Kiso et al. 2001; Bodzek et al. 2004). The developed pressure-
driven filtration membrane processes such as microfiltration, ultrafiltration,
nanofiltration, and reverse osmosis are considered as some new highly effective
processes for efficient removal organic micropollutants in drinking water (Adams
et al. 2002; Ahmad et al. 2004; Qin et al. 2007). Nanofiltration and reverse osmosis
have proven to be relatively efficient filtration technologies for the removal of
micropollutants (Yoon et al. 2006; Kegel et al. 2010). It is granted that reverse
osmosis and nanofiltration membrane processes are reasonably efficient in removing
massive loads of micropollutants (Bolong et al. 2009); however, enhanced materials
and treatment approaches are necessary in order to treat newly emerging
micropollutants.

Diverse types of materials are used in fabricating membranes; however, polymers
are most commonly used for the elimination of micropollutants from wastewaters
and sewage. This is because these membranes are not very expensive and they are
versatile with respect to conformation and they have high separation performance
(Baker 2004; Li et al. 2008). Wang et al. (2018) studied the application of joining
membrane bioreactor treatment with reverse osmosis or nanofiltration membrane
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treatment for the elimination of pharmaceuticals and personal care products in
municipal wastewater. Twenty-seven pharmaceuticals and personal care products
were studied and analyzed in real influent with lowest average concentration being
trimethoprim (7.12 ng/L) and the highest being caffeine (18.4 ng/L). The outcome of
their investigation proposed that the membrane bioreactor system effectively
removes the pharmaceuticals and personal care products with efficiency between
41.08% and 95.41%. They found that the integrated membrane systems, membrane
bioreactor–nanofiltration/reverse osmosis, can achieve even higher removal rates of
above 95% for most of pharmaceuticals and personal care products. The study has
shown that the combination of membrane bioreactor–nanofiltration resulted in the
elimination of 13 compounds below detection limits and membrane bioreactor–
reverse osmosis attained better results with elimination of 20 compounds below
detection limits.

8.4.2 Nano-Based Membrane Operation for Gas Separation

Natural gas is a vital global energy source, and high carbon dioxide concentrations
must be reduced to less than 2% in order to meet pipeline transportation specifica-
tions (Baker and Lokhandwala 2008). Majority of industrial gas companies have not
overlooked the competition from membrane separation. On the contrary and without
doubt, they have made this noncryogenic system a serious part of their process
technology for gas separation and recovery. The separation of gas mixtures can be
effectively achieved by synthetic membranes fabricated from polymers like poly-
amide or cellulose acetate or from ceramic materials (Frank 2007). Hence, compared
with traditional gas separation techniques such as amine absorption, pressure swing
adsorption, and cryogenic distillation, membrane separation processes are princi-
pally attractive as a result of the flexible design, compactness, and the efficiency of
the membrane units (Nasab and Zahmatkesh 2017).

Innovative membrane materials with outstanding selectivity are needed for a
controllable separation process of gas purifications (Xu et al. 2015). From the several
nanomaterials, carbon nanomaterials such as carbon nanotube and graphene have
drawn incredible attentions in the advanced materials applications. Contingent on
the quantity of the shell of graphene, carbon nanotube can be grouped as single-
walled carbon nanotube with single shell of graphene, double-walled carbon nano-
tube, and multi-walled carbon nanotubes. Furthermore, graphene is a one-atom-thick
sheet of graphite made of sp2-hybridized carbon atoms well arranged in the hexag-
onal honeycomb lattices (Mondal 2017). Graphene oxide nanosheets are known to
be oxygen functional groups made of graphene which could be attained by treating
graphite with strong oxidizer (Xu et al. 2015; Sun et al. 2015). Nano-based mem-
brane with high porosity can be synthesized by arranging graphene or graphene
oxide with precise design and size. Graphene and graphene oxide-based membrane
can be synthesized by deposition of graphene on a substrate as reinforcing graphene/
graphene oxide in the polymeric membrane matrix (Zahri et al. 2016). Just as the
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application of nanocomposite membranes is an optimistic substitute for water
desalination, it is also a promising alternative for gas separation. It will also continue
to be used based on the few evidence of the increasing number of published articles
in the field. Figure 8.8 shows the articles that focused on the fabrication and
development of nanocomposite membranes for gas separation.

One of the principal applications of the carbon nanotube membranes for gas
separation is reinforcing materials in the matrix such as fabrication of nanocomposite
membranes as a result of their exceptional physical, mechanical, and functional
properties. Li et al. (2017a, b) fabricated carbon/carbon nanotubes hybrid mem-
branes by pyrolyzing poly amic acid precursors incorporated with carbon nanotubes.
Their results showed that the combination of carbon molecular sieve membranes
with carbon nanotubes brings into play a significantly advantageous influence on the
improvement of gas separation performance. Carbon membrane incorporated by
multi-walled carbon nanotubes displayed higher permeabilities but lower selectiv-
ities than that embedded by single-walled carbon nanotubes. Afsari et al. (2017)
investigated the separation performance of supported carbon membranes fabricated
from Novolac Phenolic resin as the key precursor and carbon nanotubes as nanofiller
for separation of carbon dioxide from nitrogen and methane. Supports were made by
carbonization of Novolac Phenolic resin-activated carbon mixture, and selective
layer was prepared by dipping the coating of prepared supports into solutions at
different concentrations of Novolac Phenolic resin/carbon nanotubes. They observed
that the best proportion of Novolac Phenolic resin/activated carbon was 40/60 wt%
which was used to make a defect-free and applicable support; most pores of which
had sizes less than 10 nm. Membranes were tested at different pressures, and the
results revealed that carbon dioxide permeability increased with an increasing
pressure. Hence, gas separation driving force is the partial pressure gradient which
is the product of total pressure and mole fraction.

Properties of the nanocomposite membranes are hinged on numerous factors such
as the dimensions of nanomaterials, distribution, dispersion, and interfacial

Fig. 8.8 Publications related to the fabrication of nano-based membranes for gas separation during
the period of 2010 to 2019 based on literature search using Scopus. (Date of access: 3rd of
January 2019
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interaction of nanofillers with the matrix (Michael et al. 2013). However, the
mechanism for gas separation is independent of any membrane configuration but
depends only on the simple principle of physics that certain gases permeate more
rapidly than others (Frank 2007). De et al. (2009) investigated the permeability and
selectivity of graphene sheets with designed subnanometer pores using first principle
density functional theory calculations. They found that high selectivity was on the
order of 108 for hydrogen/methane with a high hydrogen permeance for a nitrogen-
functionalized pore. Furthermore, they found that extremely high selectivity was on
the order of 1023 for hydrogen/methane for an all-hydrogen passivated pore whose
small width (at 2.5 A) offers a formidable obstruction (1.6 eV) for methane but easily
attainable for hydrogen (0.22 eV). These results suggested that these pores are far
superior to traditional polymer and silica membranes, with the domination of the
transport of gas molecules through the material by bulk solubility and diffusivity. Du
et al. (2011) designed a series of nanoporous graphene for separating nitrogen and
hydrogen and discovered that there were different mechanisms for hydrogen and
nitrogen to permeate through the nanoporous graphene membrane. The flux of the
hydrogen was linear with reference to the pore size of nanoporous graphene, while
nitrogen flux was not. This showed that the hydrogen and nitrogen permeation across
the porous graphene have different mechanisms. Hence, they observed more per-
meation events of nitrogen than that of hydrogen molecules. This is as result of the
van der Waals interactions with the graphene membrane which make the nitrogen
molecules to accumulate on the surface of graphene. Thus, gas separation occurs
according to the morphology of the membrane which is dependent on different
transport mechanisms and forces of interactions.

8.4.3 Nano-Based Membrane Operation for Air Pollution
Control

Air pollution is another potential area where nanotechnology has great promise.
Numerous types of volatile air pollutants, either organic or inorganic, could be found
in waste gases. However, the buildup of intermediate metabolites can occasionally
occur under high load conditions (Kennes et al. 2009). Air pollution is usually
affected by the emission of pollution spawned from industry, power plants, munic-
ipal waste, car transport, and agricultural (Mulder 1994). One of the problems of air
pollution is the generation of vast volumes of gases, which adds to the creation of the
effect of greenhouse–carbon dioxide while burning carbon-derived fuels and simul-
taneous emission of methane and carbon dioxide from solid waste dumps (Bodzek
2000). In regard to the case of simultaneous emission of methane and carbon dioxide
from solid waste dumps, the process will be beneficial to recover methane because it
is a valuable source of energy (Rautenbach and Welsch 1993; Prabhudessai et al.
2013) and is regarded as higher global greenhouse factor than carbon dioxide
(Dickinson and Cicerone 1986; Muller and Muller 2017). Filtration techniques
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using polymeric membranes similar to the water purification methods described in
Sect. 8.4.1 can be used in buildings, for the purification of indoor air volumes.

Polymeric membranes have recently found a new potential application such as
contact separation surface of two phases (gas phase and aqueous phase), commonly
used in membrane bioreactors. In the application of membrane bioreactors for air
pollution control, both a gas phase and an aqueous phase are fed to the reactor. The
two phases are separated by a membrane. The polluted air (i.e., the volatile pollut-
ant), usually containing a carbon source, is considered the gas phase, while the
aqueous phase gives nutrients to the biofilm growing on the aqueous side of the
surface of the membrane. The membranes are inserted inside the reactor by either
tubular configuration or flat sheets. More often than not, the gas phase flows through
the lumen, while the aqueous phase is fed through the shell side (Kennes et al. 2009).
In order to separate water phase from gas phase or from another water phase, the
membrane must have hydrophobic character. As a result of the hydrophobic char-
acter, it is possible to carry out a process similar to extraction, and the absorption of
gases with the use of membrane units. Hence, most of the absorbents used in the
conventional absorption process are also applicable in membrane absorbers
(Aravind and Kathirasen 2017). Throughout the application of porous membranes
for gas absorbers, the liquid phase must not be mixed with the gas phase. However,
the process depends on pore sizes, pressure difference and the liquid absorption
affinity with the membrane material. Furthermore, with the occurrence of fast
chemical reactions in the presence of membranes, the transport of matter is limited
by diffusion stage in the gas phase; hence, depends on hydrodynamic conditions
over the membrane surface, its properties such as porosity, thickness, morphology,
and transport properties such as diffusion index (Aravind and Kathirasen 2017).

Nano-based filters could be used for air pollution control. Hence, another gray
area for air pollution control is the application of nanostructured membranes that
have pores small enough to separate different pollutants from exhaust. Investigations
now concentrate on the enhancement and optimization of nanostructured membranes
to capture several gas pollutants (Mohamed 2017). Particularly, filtration by nano-
structured membranes is suitable for several volatile organic compounds vapors
(Scholten et al. 2011). Scholten et al. (2011) developed electrospun polyurethane
fibers for the removal of volatile organic compounds from air with fast volatile
organic compound absorption and desorption. It is known that activated carbon
possessed a many-fold higher surface area than polyurethane fiber meshes. The
sorption capacity of the polyurethane fibers was however, found to be comparable
to that of activated carbon, and specifically designed for vapor adsorption. Further-
more, the polyurethane fibers established a completely reversible absorption and
desorption with respect to desorption gotten by simple purging with nitrogen at room
temperature. Hence, the selectivity of the polyurethane fibers towards different types
of vapor, together with the ease of regeneration, make them attractive materials for
volatile organic compound filtration (Scholten et al. 2011).

Nano-based membrane filters could be used in automobile tailpipes and factory
smokestacks to separate out contaminants and inhibit them from entering the
atmosphere (Mansoori et al. 2008). The design of nanoparticle embedded nano-
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membrane-filter was proposed by (Muralikrishnan et al. 2014) to reduce air pollution
from the vehicular exhaust. During the design, the pores of the nano-membrane
filters are very essential and should be designed based on the requirement. The
membrane would be inserted in the exhaust system of the vehicle, which traps the
harmful gases thereby reduces air pollution (Muralikrishnan et al. 2014). Further-
more, nano-sensors could be developed to discover toxic gas leaks at very low
concentrations (Mansoori et al. 2008). In addition, particulate matter can be suc-
cessfully captured in nanomembranes, in relation to microfibers as a result of its
small fiber diameter, small pore size and high specific surface area. Electrospun
nanomembranes have recently been used to filter gaseous pollutants due to their
capability of active surface modification (Kadam et al. 2016). Hence, the utilization
of nano-based membrane filters for air pollution control has the potential to improve
air quality that are presently of concern to scientists globally.

8.4.4 Nano-Based Membrane Operation for Solid Pollution
Control

Solid wastes are regarded as any garbage, sludge, and refuse from wastewater
treatment plant; discarded materials such as liquid, solid, semi-solid, and gaseous
materials; and hazardous materials from mining activities and other industrial
activities. The hazardous wastes are the elements which causes hazard to human
beings, plants, and animals. Some of the common hazardous wastes are radioactive
substances, flammable and explosives wastes, chemicals, and biological wastes.
Solid wastes have the capacity of polluting air, water, and soil, thus resulting in
various environmental impacts and causing health hazard, as a result of improper
handling and transportation (Chadar and Chadar 2017), hence the need to control
solid waste. Control of solid pollution is commonly done through a sanitary landfill
or through incineration. A modern sanitary landfill is dispersed in an impermeable
soil layer, lined with an impermeable membrane. In it, solid waste is positioned in a
properly selected and prepared landfill site, in a recommended method. The waste
material is spread out and condensed with suitable heavy machinery (Chadar and
Chadar 2017).

One way of controlling solid waste pollution is through incineration and the
process of incineration is done for different reasons. Incineration is the burning of
unwanted or waste materials from processes where they are being generated. For
example, incineration is the burning of hospital medical waste and the burning of
domestic garbage. Finally, some incinerators burn only tires. Hence, all incinerators
were developed as a substitute for burying solid waste in the ground. However, the
process produced air pollution and soil pollution (Griffin, Product Manager, Tetratec
2018). With an enhanced operation of incinerators and waste segregation, woven
fiberglass with a stretched polytetrafluoroethylene membrane, and in a couple of
cases Ryton®, has proven to work perfectly, especially in medical waste (Griffin,

334 O. Agboola et al.



Product Manager, Tetratec 2018). Nanotechnology has the capability to control
matter at the nanoscale and fabricate materials that have specific properties with a
specific function (Roco et al. 2000). Nanomaterial is very small and has high ratio of
surface area to volume ratio that can be used to detect very sensitive contaminants
(Lu and Zhao 2004). Owing to the properties of nanomaterials, nano-based mem-
branes could also perfectly enhance operation of incinerators and waste segregation.

8.5 Development and Applications of Nano-Based
Membranes in Environmental Chemistry

Environmental chemistry is the study of chemical processes such as sources, reac-
tions, and the effect of chemical species that take place in the environment (water,
air, and soil) which are influenced by human and biological activities. In order to
combat the effects of human and biological activities in the environment, scientists
and researchers have developed and applied nano-based membranes. The develop-
ment of nano-based membranes for environmental chemistry applications provides
the fundamental physicochemical characterizations of recently employed integration
of nanocomposites, such as nanoparticle, graphene, graphene oxide, carbon
nanotubes, and other nano-sized carbon allotropes in membrane materials such as
polymer. This section reviewed the development and applications of nano-based
membranes for environmental chemistry applications.

Titanium dioxide has been extensively utilized for wastewater treatment (Kumar
and Bansal 2013), water splitting (Gellé and Moores 2017), air purification (Paz
2010; Binas et al. 2017), and self-cleaning of surfaces (Banerjee et al. 2015) due to
its exceptional photocatalytic property. TiO2 has also been integrated in several
membrane matrices in order to offer photocatalytic activities (Pandey et al. 2017).
The integration of membrane filtration with photocatalysis offers multifunction that
involves filtration and photocatalytic degradation for the removal of pollutants from
water. Wang et al. (2015) designed and developed a TiO2/carbon/Al2O3 membrane
through sequentially depositing graphitic carbon layer with good electro-
conductivity and TiO2 nanoparticle layer with photocatalytic activity on Al2O3

membrane support for improved water treatment application. Membrane perfor-
mance tests pointed out that the photoelectrocatalytic membrane filtration showed
improved removal of natural organic matters and permeate flux with increasing
voltage supply. Furthermore, the photoelectrocatalytic membrane process demon-
strated special improvement in removing organic chemicals, such as rhodamine
B. Zhang et al. (2018) built a photo-assisted multifunctional NF membrane assem-
bled with g-C3N4, TiO2, CNTs, and graphene oxide (GO), in which CNTs not only
increase the interlayer space between neighbored graphene sheets but also improve
the stability and the strength of GO layer. The NF membranes demonstrated an
improved water flux of�16 L m�2 h�1 bar�1 while maintaining a high dye rejection
of �100% for methyl orange. The photo-assisted NF membranes further show good
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rejection ratio for salt ions (i.e., 67% for Na2SO4) as a result of the layer-by-layer
sieving. Simultaneously, the NF membrane integrated with photocatalysis displays a
multifunctional characteristic for the effective removal of ammonia (50%), antibiotic
(80%), and bisphenol A (82%) in water.

Apart from the integration of titanium dioxide in several membrane matrices for
water treatment applications, polyacrylonitrile (PAN) alone and silver nanoparticle/
CNT/PAN membranes have been employed for the filtration of E. coli-contaminated
water (Pandey et al. 2017). Gunawan et al. (2011) developed an alternative and safe
water disinfection system consisting of silver nanoparticle/multi-walled carbon
nanotubes (AgNP/MWCNTs) coated on PAN hollow fiber membrane. In the con-
tinuous filtration test using E. coli feedwater, the relative flux drop over AgNP/
MWCNTs/PAN was 6%, and the relative flux drop over the pristine PAN was 55%
at 20 h of filtration. The results showed that AgNP/CNT coating has considerably
improved antimicrobial activity and antifouling properties of the membranes. Kumar
and Gopinath (2016) developed silver nanoparticle (AgNP)-incorporated carboxyl-
ated multi-walled carbon nanotube (MWCNT)-grafted aminated polyacrylonitrile
(APAN)-based nanofibrous membrane appropriate for the removal of toxic heavy
metals and bacteria present in wastewater. The nanofibrous membrane was found to
have exceptional antibacterial properties and a filtration capability. These nano-
based membranes can be applied for water treatment at industrial level.

The characteristics of nano-based membranes for industrial scale water treatment
application are based on the fabrication of tailored membranes with high selectivity,
competitive flux, and self-cleaning properties. These characteristics put into consid-
eration the sustainability conditions in terms of environmental impacts, easy appli-
cation, flexibility, and adaptability (Ursino et al. 2018). Kim et al. (2013) evaluated
membrane systems for the removal of the extractable organic fraction from oil sands
process-affected water. They developed membranes with and without multi-walled
carbon nanotubes. The MWCNTs were modified with strong acid in order to
enhance dispersion in an organic solvent. Dispersion of the MWCNTs and physi-
cochemical properties of the membranes were characterized by microscopic and
spectroscopic methods. The results revealed that acid-modified MWCNTs devel-
oped surface functional groups that increased their hydrophilicity, increased the
rejection of hydrophobic pollutants, increased the permeate flux of oil sands
process-affected water, and considerably reduced membrane fouling. Zhang et al.
(2013) used polysulfone membranes with phosphorylated TiO2–SiO2 particles for
oily wastewater treatment. Their results revealed that TiO2–SiO2 particles are uni-
formly dispersed in the TiO2–SiO2/polysulfone composite membrane and the water
contact angle of the membrane declines from 78.0� to 45.5�, which demonstrated the
good hydrophilic nature of TiO2–SiO2 particles. TiO2–SiO2 particles improved the
polysulfone membrane hydrophilicity, antifouling capacity, and mechanical strength
significantly. Hence, TiO2–SiO2/polysulfone composite membranes are desirable for
treating wastewater containing oil. Zhang and Liu (2015) developed and combined
silica nanotubes and SO2�

4 =TiO2 solid to fabricate sulfated TiO2 deposited on SiO2

nanotubes for treating wastewater containing oil. Compared with polysulfone
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membranes, SiO2/polysulfone membranes, and phosphorylated Zr-doped hybrid
silica (SZP)/polysulfone membranes, SiO2 nanotubes/polysulfone composite mem-
branes demonstrated stronger antifouling and anti-compaction performance. Hence,
SiO2 nanotubes/polysulfone composite membranes are appropriate for the treatment
of wastewater containing oil. Therefore, the development of novel nanocomposite
membranes has been established to be successfully utilized in water treatment, due to
their antifouling and antibacterial properties, with the aim of improving the mem-
brane lifetime and its separation performance (Ursino et al. 2018).

8.6 State of the Art of Nano-Based Membranes

Membranes that are based on nanofillers (polymer/inorganic nanoparticles, polymer/
carbon nanotubes, and polymer/graphene membranes) are nanocomposite mem-
branes. Nanocomposites are usually related to inorganic, i.e., porous and nonporous,
nanoparticles distributed within a continuous phase of organic polymers. These
nanofillers have the capacity to make exclusive permeation pathways for selective
transport, at the same time posing barrier for unwanted transport. The progress in
carbon nanotubes and graphene-based materials has resulted in the fabrication of
polymer/carbon nanotubes and polymer/graphene membranes. This section reviews
the current state of the art in the polymer/inorganic nanoparticles, polymer/carbon
nanotubes, and polymer/graphene-based nanofiller nanocomposite membranes with
special emphasis on environmental chemistry.

8.6.1 Inorganic Nanoparticles in Polymeric Membranes

The integration of inorganic nanoparticles as fillers within a polymer matrix has
extended prospects to fabricate multifunctional nanocomposite membranes that have
the capability of performing tasks beyond separation alone (Goh et al. 2014).
Composite materials which contain polymeric and inorganic units have been exten-
sively used for various applications as a result of their improved and more practical
performance properties (Ma et al. 2010). In the past two decades, inorganic micro-
materials such as alumina, zirconia, and silica were mostly being used as fillers in
order to improve the performance of membrane process by enhancing the permeate
flux, increasing the salt rejection and improving the thermal, chemical, and mechan-
ical stabilities (Genne et al. 1996; Sekuliċ et al. 2002). The application of resultant
membranes was restricted to microfiltration and ultrafiltration because the size of the
particles is in micrometer range, having pore sizes of ca. 0.1 μm and ca. 0.01 μm,
respectively (Jhaveri and Murthy 2016). As a result of the progress, which is based
on the use of novel materials with at least one dimension in nanometer range
(nanoparticles), the prospect of applying inorganic materials was extended
nanocomposite membranes (Jhaveri and Murthy 2016).
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Most of the modification of nano-based membrane involves the use of inorganic
nanoparticles such as metal or metal oxide (Jhaveri and Murthy 2016). These
nanomaterials are either mixed in the membrane matrix or coated on the membrane
surface, usually with the aid of tethering chemicals (Dong et al. 2015). However,
there are some exceptions, such as NaA-type zeolite NPs (Xu et al. 2018), CaCO3

and CaCO4 (Ray et al. 2017), and Mg (OH)2 (Zhao et al. 2006). The most widely
used metal oxide for the fabrication and modification of membrane for applications
in water treatment and desalination are alumina (Al2O3), titania (TiO2), zirconia
(ZrO2), and silica (SiO2) (Fard et al. 2018). TiO2 nanoparticles have successfully
mitigated fouling of organic matter onto PES. Al2O3 and most recently ZrO2

nanoparticles have proven to reduce the fouling rate of polyethersulfone membranes
in wastewater. However, ZrO2 nanoparticles also showed lower flux decline of the
composite membrane (Richards et al. 2012).

Membrane Integrated with Alumina-Based Nanoparticle

Alumina as a material is mostly used for water treatment and desalination as a result
of the economical consideration together with its capability to resist in high trans-
membrane pressures (TMP) (Elaine Fung and Wang 2013). There has recently been
a growing interest in the use of inorganic membranes, mainly alumina (Al2O3)
ceramic membranes (CMs) (Younssi et al. 2018). In addition, Al2O3 has two
important characteristics which are hydrophilic and covalent bonding characteristics.
Ceramic nano-based membranes are characterized by a very high chemical, thermal,
and mechanical stability, combined with good separation characteristics and long
lifetime (Rezaei Hosseinabadi et al. 2014). However, nano Al2O3 have also been
introduced in polymeric membrane for the purpose of enhancing the performance of
organic membranes to form new generation of membranes (composite membranes)
with new performances that combine organic and CM proprieties (Younssi et al.
2018). Saleh and Gupta (2012) reported polyamide nanocomposite membrane
containing alumina nanoparticles synthesized via in situ interfacial polymerization.
The nanocomposite membrane was cured at 80 �C for 5 min. They found that the
nanocomposite membrane performed better than a pristine membrane. The intro-
duction of alumina nanoparticles in the membrane enhances the permeate flux and
maintains the salt rejection. The introduction of alumina nanoparticles in the mem-
brane also resulted in enhanced hydrophilicity of the membranes proved by
decreased in water contact angle. Ghaemi (2016) used γ-Al2O3 nanoparticles to
improve the copper removal efficiency of polyethersulfone membranes. The results
they obtained showed higher water permeation compared with the pristine
polyethersulfone membrane just by the addition of small amounts of nanoparticles
(�1.0 wt. %). This is as a result of increasing the membrane porosity and hydrophi-
licity after the addition of alumina nanoparticles into the membrane matrix. Hence,
adding an appropriate amount of nano-sized Al2O3 particles to a polymeric mem-
brane can enhance the membrane’s hydrophilicity properties. Like alumina oxide
nanoparticles, titanium-based nanoparticles also have properties which could
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increase the performance of membranes when integrated into the membrane during
fabrication (see sect. 8.5). Zirconia (ZrO2) is another metal oxide that possess the
properties which could increase the performance of membranes when impregnated
into the membrane during fabrication.

Membrane Integrated with Zirconia (ZrO2)-Based Nanoparticle

Numerous researchers have employed a variety of inorganic particles to fabricate
organic-inorganic membranes; nonetheless, the investigations on the application of
zirconia particles in the preparation of organic–inorganic hybrid membranes are not
sufficient. Furthermore, the fabrication of organic–inorganic membranes impreg-
nated with zirconia particles with grain sizes in nanometer range is not much (Kim
and Van der Bruggen 2010). However, research has shown that zirconia membranes
are known to be chemically more stable than titania and alumina membranes, hence
more suitable for liquid phase applications under harsh conditions (Maximous et al.
2010). Zirconia (ZrO2) have been used by Zhang et al. (2011) as doping materials for
the poly (ether sulfone) membrane for treating wastewater containing oil. The results
obtained showed that the oil concentration in the permeation is 0.67 mg/L, which
meets the recycle standard of the Chinese oil field (SY/T 5329-94, oil concentration).
Thuyavan et al. (2014) also studied the removal of humic acid from groundwater
using zirconia embedded in poly (ether sulfone) mixed-matrix membranes. For this
study, the authors used chemical precipitation method to prepare nano zirconia
(ZrO2). The modified poly (ether sulfone) membrane with nano ZrO2 of 2.5 and
5 wt% was studied. The addition of nano ZrO2 altered the morphology of the
membrane and improved pure water permeability. Chen et al. (2018) fabricated a
carbon composite membrane on a hollow yttrium-stabilized zirconia (YSZ) tube
with a porous wall. Yttrium-stabilized zirconia (YSZ) is a very stable ceramic, while
carbon is also chemically inert, so the composition of the carbon composite mem-
brane on a hollow yttrium-stabilized zirconia was very stable. In order to confirm the
stability of its functionality, the membrane was tested under the forward osmosis
process at 80 �C for an extended period of 168 h. The authors found that the
membrane property was very stable. Their research showed that nanoporous carbon
composite membranes can exhibit 100% desalination and a freshwater flux that is
3–20 times higher than existing polymeric membranes. The carbon composite
membrane showed improved hydrophilicity in terms of the freshwater flux.
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8.7 Future Direction of Nano-Based Membranes
in Environmental Applications

It is well-known that membrane technology has its own advantages and disadvan-
tages. The integration of inorganic nanoparticles and carbon nanotubes in polymeric
membranes has, however, advanced in terms of ideal innovation in environmental
applications. Membranes based on nanomaterials have shown innovatory perfor-
mances, and they have a commercially viable prospect in the near future. However,
the commercial accessibility of the carbon nanotube membranes and nano-based
membranes embedded with inorganic nanoparticles must meet certain standards
such as the capacity of desalination, water permeability, antifouling, solute selectiv-
ity, robustness, energy savings, material costs, scalability, and compatibility with
industrial settings (Das et al. 2014). In addition, most of the carbon nanotube-based
membranes are presently assembled on a ceramic or polymeric membrane that may
have negative impact on the properties of carbon nanotubes. It is therefore necessary
to focus more on the synthesis of freestanding membrane in order to completely
exploit the exceptional features of carbon nanotubes. As a result of the limitations of
the current applications of carbon nanotube-based membrane to improve the perfor-
mance of pressure driven membrane, it is important to carry out an extensive study in
order to explore the other potential applications of carbon nanotube-based mem-
branes such as membrane distillation and capacitive deionization (Ihsanullah 2019).

Furthermore, fouling on polymeric membrane surfaces is considered the most
severe problem on membrane performance during filtration process. Polymeric
membranes are less chemically stable and low fouling-resistant when compared to
ceramic membranes, in many water treatment applications (Pendergast and Hoek
2011). Irregular pore size, poisonous micropollutants, influent water quality, and pH
variations always have negative influence on membrane capacities (Das et al. 2014).
Thus, fouling has the capacity to intensely diminish the effectiveness and economic
benefits of a membrane process during the filtration of wastewater. Certain aspects of
the economic have to be taken into consideration, and different strategies in com-
bating membrane fouling have to be considered. The two basic tools that can be used
to combat fouling are permeate flux and transmembrane pressure.

The best indicators of membrane fouling are permeate flux and transmembrane
pressure. Membrane fouling results to a significant increase in hydraulic resistance,
demonstrated as permeate flux decline or increase in transmembrane pressure when
the process is operated under constant transmembrane pressure or constant flux
conditions. In a system where the permeate flux is maintained by increasing trans-
membrane pressure, the energy needed to achieve filtration also increases
(Abdelrasoul et al. 2013). Membrane fouling is not completely reversible by
backwashing for an extended period of operation. Increase in the number of filtration
cycles results to an increase in irreversible fraction of membrane fouling. Hence,
chemical cleaning is required for the purpose of achieving the desired production
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rate for membrane to recover most of its permeability. However, the elevated cost
that resulted from chemical cleaning makes membranes economically less feasible
for many separation processes. There are also worries that repeated chemical
cleaning might shorten the membrane life span (Abdelrasoul et al. 2013). However,
the development of self-cleaning membranes can be a way to reduce the fouling as
well as maintain the membrane water permeation (Ursino et al. 2018). Nano-based
membranes with self-cleaning features provide a critically required solution to
combating the problem of fouling. It is therefore important for researchers to carry
out extensive investigations that will explore the potential of carbon nanotubes and
inorganic nanoparticles in fabricating self-cleaning membranes for the treatment of
wastewater and purification of water. Such membranes can easily clean themselves
when fouled; this could make pressure-driven membrane filtration systems
employed in treating and desalinating wastewater more energy and economic
efficient.

8.8 Conclusion

This report has summarized and discussed the role and characterization of nano-
based membranes for environmental applications. It was found that membrane
structure, surface modification, nature of feed, and operating conditions play signif-
icant roles in the membrane performance. The separation mechanisms of membranes
for most pollutants depend on the pore size and porosity, dielectric exclusion surface
phenomena, fluid transport across the pores, effective charge density, and solution
diffusion. The environmental applications of nano-based membranes synthesized
with the integration of nanofillers address the cutting-edge solutions to the existing
and prevention of environmental problems. As a result of the unique selectivity of
nano-based membrane, it has been successful in efficient desalination and in the
efficient removal of pathogens and organic micropollutants in drinking water and gas
separation. Furthermore, the application of membrane technology for air pollution
and solid pollution control was discussed. Separation of gases and vapors has been
reviewed for removal of volatile organics from air in relation to the membrane
absorption process. The application of nano-based membrane filters for air pollution
control has the prospect of improving air quality; in addition, nano-based mem-
branes can effectively improve the operation of incinerators and waste segregation.
The fabrication self-cleaning membranes for the treatment of wastewater and puri-
fication of water also have the prospect of combating membrane fouling.
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Abstract Environmental deterioration and energy crisis caused by ever-increasing
exploitation of traditional fossil fuels are urgent problems that need to be addressed.
Microbial energy conversion technologies have attracted wide attentions since they
can convert chemical energy contained in wastes, like solid wastes and wastewater,
into biofuels or bioelectricity, realizing environmental remediation and energy
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production at the same time. But the conventional methods have many limitations,
like low mass transfer rate, uneven energy distribution, and strong product or
by-product inhibition. The introduction of membranes in the reaction system can
effectively relieve these technical bottlenecks by regulating the transfer and distri-
bution properties of mass, heat, and energy, which play important roles on bioenergy
productivity and quality.

We review (1) membrane application on liquid biofuels production, mainly on
biomass cultivation and harvesting, liquid biofuels generation, and liquid products
refining; (2) membrane application on gaseous biofuels production, mainly on
photo-dependent biohydrogen production, dark-fermentative biohydrogen produc-
tion, and gaseous products purification; (3) membrane application on microbial fuel
cell; (4) membrane biofouling; and (5) antibiofouling technologies. The membranes
mainly act as physical barrier, internal bridge, inhibitors separator, or products
extractor in microbial energy production processes, which varies according to the
detailed occasions. In overall, the membrane can effectively enhance microbial
energy productivity and quality. But biofouling is the vital problem for all cases.
Further researches and development on antifouling of membranes are still necessary.

Keywords Microbial biofuels · Membrane · Bioethanol · Biolipids · Microbial fuel
cell · Biohydrogen · Bioreactor · Biofouling · Fermentation · Recovery

9.1 Introduction

Currently, traditional fossil fuels like coal, natural gas, and petroleum are still
predominant fuel types for human beings. But limited reservoir, depleting supply,
and random consumption hinder the dependency on traditional fossil fuels as major
energy sources (Chang et al. 2018). In addition, vast utilization of fossil fuels has
caused many problems, such as global warming, energy crisis, and environmental
destruction (Fu et al. 2018; Guo et al. 2018; Tian et al. 2010). There are pressing
needs to develop renewable and environmental-friendly energy sources which are
derived from non-fossil sources in ways that can be replenished (Chang et al. 2018).
Renewable energy mainly includes solar, wind, hydro, geothermal, and biofuels.
Among these different renewable energy types, the biofuels produced via microbial
energy conversion are considered as one of the most promising energy types due to
its high energy conversion efficiency, mild operating conditions, and environmental
remediation ability (Chang et al. 2016a; Li et al. 2017; Liao et al. 2014; Lu et al.
2018).

A variety of materials can be used as feedstocks for biofuels production, and
based on that, the biofuels production can be mainly classified into first-, second-,
and third-generation biofuels (Nigam and Singh 2011), as shown in Table 9.1. The
first-generation biofuels are mainly generated from oil crops or starch-based food
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crops. For example, the oleaginous crops including soybean and sunflower can be
used as feedstocks for biolipid extraction through transesterification, and the starch-
containing grains like corn, sorghum, and sugarcane are used as substrates for
bioethanol and biohydrogen production through fermentation for the first-generation
biofuels. The advantages of the first-generation biofuels are relatively simple
pretreatment technologies since the starch and fats contained in food crops have
simpler structure which are easier to be decomposed than lignocellulose. But the
competition of arable land and freshwater for biofuels production with human
beings’ food demand strongly restricted its application (Correa et al. 2017). The
second-generation biofuel fulfills the impractical gap of the first-generation biofuel
due to its utilization of nonedible substrates from forestry and agricultural lignocel-
lulose, like wheat and maize crops, sawdust, and sugarcane bagasse (Tian et al.
2009). Through hydrolysis and fermentation of this lignocellulosic biomass, biofuels
like bioethanol and biohydrogen are produced in forms which can be utilized as
energy sources. However, due to the tightly connected structure of lignin–cellulose
association and crystalline structure of cellulose which resist enzymatic hydrolysis,
sophisticated processes are necessary to achieve potential biofuels outcome, greatly
increasing the energy cost of the second-generation biofuels (Kumari and Singh
2018; Raman et al. 2015). The third-generation biofuels which are derived from
microorganisms, like microalgae and microbes, are considered as promising alter-
native energy sources since they can avoid the major disadvantages of food

Table 9.1 Various generations of biofuel (Correa et al. 2017; Leong et al. 2018; Nigam and Singh
2011; Kumari and Singh 2018)

Biofuels
generations Feedstocks Advantages and disadvantages

The first
generation

Soybean, sunflower, sugarcane, corn,
etc.

Advantages:

Simple pretreatment process, pure
products, and high conversion rate of
feedstocks

Disadvantages:

Food and freshwater competition with
human beings, low economic efficiency

The second
generation

Agricultural and forestry residues, like
wheat and maize crops, sawdust, and
sugarcane bagasse

Advantages:

Abundant feedstocks, without competi-
tion with human beings for arable land,
waste utilization

Disadvantages:

Sophisticated pretreatment process, low
conversion rate, high energy cost,
impure products

The third
generation

Biofuels or electricity generation with
microorganisms, like microalgae and
microbes

Advantages:

High conversion rate, less by-products,
high products quality

Disadvantages:

High economy investment
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competition for the first-generation biofuels and non-degradability for the second-
generation liquid biofuels (Zhu et al. 2018). Many microorganism species have
abilities to accumulate fatty acids in the cells, like microalgae, yeast, and fungi
(Leong et al. 2018; Liao et al. 2014; Mathimani and Pugazhendhi 2019). The
intracellular fatty acids can be used as substrates for biodiesel production through
downstream processing of the microbial biomass.

Biofuels production mainly experiences three steps: feedstocks pretreatment,
biofuels generation, and biofuels refining. Until now, the biofuels productivity and
quality are still poor attributing to many technical limitations despite the feedstock
materials. The limitations are mainly confined to low pretreatment efficiency of the
feedstock, poor biomass to biofuels conversion efficiency, and hardness on products
separation and purification (Rodionova et al. 2017). Environmental conditions like
temperature, humidity, and pH; operating parameters like material proportion,
retention time, and inoculum density; and some other intrinsic properties like
material composition, yeast activity, and bioreactor structure have important roles
on biofuels productivity and quality (Srivastava et al. 2018; Liao et al. 2015; Pei
et al. 2017).

During biofuels production processes, transfer characteristic of mass, heat, and
energy determines its distribution in the system, which ultimately affects direction
and rate of the chemical reactions, like lignocellulose hydrolysis to produce sugars
and sugar fermentation to produce bioethanol or biohydrogen. Therefore, regulations
on mass, heat, and energy transfer and distribution can greatly improve effectiveness
of biomass to biofuels conversion. But conventional methods paid few attentions on
transfer regulation attributing to rough system structure, resulting in low biofuels
productivity and poor quality. The introduction of membrane modules in microbial
energy conversion system can significantly reduce the technological limitations by
acting as physical barrier, internal bridge, inhibitors separator, or products extractor.
The functions of membrane vary with its utilizing occasions. Major applications of
membranes on microbial energy production processes, i.e., liquid biofuels, gaseous
biofuels, and microbial fuel cell, are illustrated in Fig. 9.1 and discussed in the
following parts in detail.

9.2 Membrane Application on Liquid Biofuels Production

Liquid biofuels, like biolipids and bioethanol, are favored types of biofuels since
they can blend with petroleum for combustion, realizing partly replacement of fossil
energy by eco-friendly ways without sacrificing power output. In particular, the
bioethanol has gained wide attentions since it satisfies the necessities of clean
technology, like sustainability, biodegradability, abundant substrate, and reduction
in greenhouse gas emissions, and is suitable to be used in most diesel engines with
little or no modification (Enagi et al. 2018). In many countries, vehicles using
bioethanol and gasoline mixture for transportation have been successfully realized,
reducing greenhouse gas emissions to a large extent ranging from 20% to 85% (Wei
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et al. 2014). Therefore, developing liquid biofuel technologies are promising
approaches for environmental and energy sustainability in the present.

The process of liquid biofuels production mainly includes feedstocks preparation
like microalgae cultivation and harvesting, liquid biofuels generation like fermenta-
tion and the related processes, and products refining like bioethanol and biodiesel
recovery (Carrillo-Nieves et al. 2019). Among these steps, membrane can play an
important role on enhancement of liquid biofuels productivity over the traditional
technologies. Major applications of membranes in liquid biofuels production process
and its advantages are shown in Table. 9.2.

9.2.1 Membranes Used for Microalgae Cultivation
and Harvesting

Abundant biodegradable feedstocks are prerequisites for economically feasible
liquid biofuels production. Among different materials like corn, sugarcane, ligno-
cellulosic biomass, and microorganisms, microalgae biomass is a promising type
attributing to its intrinsic merits (Chang et al. 2018). Microalgae can be cultivated on
nonarable lands using CO2 as carbon source, wastewater as nutrients source, and
solar light as energy source to produce intracellular fatty acids and carbohydrates at a
photosynthetic efficiency over tenfold than terrestrial plants, realizing energy pro-
duction, carbon mitigation, and wastewater remediation at the same time

Fig. 9.1 Major application of membranes on microbial energy production processes
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(Georgianna and Mayfield 2012; Guo et al. 2018). It was reported that the lipid
content of many microalgae species are over 50 times of the terrestrial oil crops
(Chisti 2007). However, there are still many drawbacks that need to be addressed for
the traditional approaches of microalgae biomass production, like poor light pene-
tration, low carbon transfer rate, and inappropriate nutrients feeding, and from these
aspects, membranes are useful to enhance the performance of the microalgae
cultivation system (Chang et al. 2017; Fu et al. 2016).

Carbon is an important element for microalgae biomass, accounting for more than
50% of the microalgal dry cell weight (Chang et al. 2016b). However, the CO2

transfer rate was usually very low, resulting in low carbon availability in microalgae
culture and thus limiting microalgae growth and carbon fixation. To enhance CO2

transfer efficiency in microalgae cultivation system, hollow fiber membrane
(Mortezaeikia et al. 2016), selective CO2 transfer membrane (Rahaman et al.
2011), and integrated alkali-absorbent membrane system (Ibrahim et al. 2018; Li
et al. 2018b, 2018c; Zheng et al. 2016) were successfully adopted in their works.
Results demonstrated that the carbon availability in microalgae suspensions was
effectively improved and microalgae biomass was enhanced to some extents.

Table 9.2 Major application of membranes in liquid biofuels production process and its
advantages

Process Examples Advantages

Feedstocks prep-
aration and
pretreatment

Microalgae biomass cultivation
and harvesting

For carbon supply: higher CO2 transfer
rate with membrane module, like hollow
fiber membrane
For nutrients supply: effective separation
of microalgae with inhibitors in wastewa-
ter, like ion-exchange membrane
For biomass harvesting: cost-effective
microalgae biomass harvesting, like
microfiltration or ultrafiltration membrane

Liquid biofuels
generation

Fermentation for liquid
biofuels generation
(bioethanol, biolipids, etc.)

For enzyme recovery: enzyme recovery
without damaged enzymatic activity, like
microfiltration or ultrafiltration membrane
For sugar concentration and inhibitor
removal: simultaneously realize sugar
concentration and inhibitors removal with
low energy cost, like ultrafiltration,
nanofiltration, reverse osmosis, and mem-
brane distillation

Liquid biofuels
recovery

Liquid products concentrating
for downstream processing or
utilization

Membrane distillation or pervaporation:
low energy cost, pure products, and mild
operating conditions, like the porous
membrane for distillation and nonporous
membrane for pervaporation
Hybrid membrane process: realize more
functions at the same time, like
distillation–pervaporation system
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Besides carbon source, light and nutrients are also key factors influencing
microalgal biomass concentration (Liao et al. 2018; Sun et al. 2016a, 2018). To
exploit inorganic salts in wastewater as nutrients for microalgae cultivation, Chang
et al. (2016a) designed an annular photobioreactor based on ion-exchange mem-
branes for selectively transferring cations and anions from wastewater chamber to
microalgae cultivation chamber but preventing transport of suspended solids in
wastewater, ensuring high light penetration and proper nutrients availability in
microalgae culture. The biomass concentration was increased to 4.24, 3.15, and
2.04 g/L in the membrane photobioreactor from 2.34, 2.15, and 0 g/L in the
membraneless photobioreactor when using simulated agricultural, municipal, and
industrial wastewater as nutrients source. Besides, a scalable membrane-based
tubular photobioreactor was used in microalgae biomass and biofuels production,
which effectively enhanced economic and technical feasibility of microalgae culti-
vation with membrane photobioreactor (Chang et al. 2019).

In addition to microalgae biomass cultivation, membrane is also used in
microalgae harvesting for downstream fermentation or fatty acids extraction. As is
known, microalgae suspension contains more than 99% of water in weight ratio.
Recovery of biomass from microalgae suspension was estimated to contribute 20%–

30% of total energy cost for biomass production (Huang et al. 2019; Wei et al. 2018).
In contrast, membrane filtration with microfiltration or ultrafiltration membrane is
known as an energy saving method for microalgae biomass harvesting than other
methods like centrifugation or drying, since energy cost on transmembrane pressure
for membrane filtration is much lower than conventional methods. But the mem-
brane fouling is an inescapable problem for microalgae harvesting with membrane
filtration. To cope with the fouling problem of filtering membrane, many approaches
were proposed, like nanofiber membrane (Bilad et al. 2018), rotational-dynamic
filtration membrane (Hapońska et al. 2018), axial vibration membrane (Zhao et al.
2016), and composite membrane (Khairuddin et al. 2019). However, the antifouling
performance of the existing technologies is limited, which is not capable of greatly
reducing the energy cost. Further researches on membrane fouling control are still
necessary.

9.2.2 Membranes Used for Fermentation

Saccharification and fermentation are important steps for biomass conversion to
liquid biofuels, directly determining biofuels productivity and quality. During these
processes, membranes play important roles on enzyme recovery from hydrolysis
solution, sugar enrichment, and detoxification of the fermentation broth.

Before fermentation, the macromolecular organic matters in the biomass should
be firstly hydrolyzed into simple sugars by enzyme for fermentation. In detail, the
hexose sugar monomer contained in cellulose and the pentose sugar monomer
contained in hemicellulose should be released and hydrolyzed into simple sugars
like glucose, and the complex lipids- and proteins-containing organic matters in

9 Membrane Technologies for Sustainable and Eco-Friendly Microbial. . . 359



microalgae biomass should be hydrolyzed into simple structures like long-chain fatty
acids, glycerol, and amino acids (Kang et al. 2018). Then, the simple organics can be
utilized by microorganisms for fermentation to produce liquid biofuels like
bioethanol. Compared with chemical process for hydrolysis of cellulose like dilute
acid catalyzed, enzymatic hydrolysis of cellulose has many advantages, including
mild operation conditions, low energy cost, and low inhibitors formation (Li et al.
2019). But the cost on enzyme utilization is very high, accounting to almost half of
the total cost on hydrolysis process (Wooley et al. 1999).

Recovery and reuse of the hydrolysis enzyme can effectively reduce energy cost
on enzymatic hydrolysis process. Membrane-based technology, using various mem-
branes like microfiltration and ultrafiltration membrane as physical barrier, is
regarded as a promising approach for enzyme recovery from hydrolysis solution
since it can retain the catalytic activity of the enzyme, ensuring high efficiency and
low cost of biomass conversion to fermentative sugars (Saha et al. 2017). Mem-
branes used for enzyme recovery are mainly divided into microfiltration and ultra-
filtration membranes according to the pore size. Microfiltration membranes are
usually made of cellulose acetate, nylon, or polysulfone, which can efficiently
remove most of the remaining biomass in hydrolysis solution (Singh and Purkait
2019). And the ultrafiltration membranes which are made of polyethersulfone or
polysulfone are frequently used in enzyme separation and extraction from the
hydrolysis solution (Enevoldsen et al. 2007).

The fermentative sugar concentration in hydrolysate is usually low mainly due to
low hydrolysis efficiency, limiting bioethanol production. In addition, many inhib-
itors for bioethanol fermentation are produced along with the hydrolysis process,
which also plays negative effects on bioethanol output (Nguyen et al. 2018).
Therefore, sugar enrichment and inhibitors removal of the hydrolysate are important
steps to improve bioethanol productivity and reduce cost on downstream processing.
Some conventional methods for sugar concentration and inhibitors removal include
physical adsorption, thermal evaporation, solvent extraction, and ion exchange
(Sambusiti et al. 2016; Tanaka et al. 2019; Zhang et al. 2018a). But these methods
are energy intensive and cannot simultaneously realize sugar concentration and
inhibitors removal. The application of membrane process can greatly reduce the
energy cost and deal with the technological problems, like incompatible operation of
sugar concentration and inhibitors removal. Nowadays, the commonly used mem-
brane technologies for sugar concentration and inhibitors removal are ultrafiltration,
nanofiltration, reverse osmosis, and membrane distillation. The characteristics of
different membrane technologies have been reviewed by previous authors (Wei et al.
2014; Zabed et al. 2017). Although membrane technologies have many advantages
for fermentation process, membrane fouling is still a troublesome problem which
limits economic feasibility. Works to conquer the problem of membrane fouling is
vital to reduce cost of hydrolysate pretreatment.
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9.2.3 Membranes Used for Liquid Biofuels Recovery

The final liquid biofuels concentration is influenced by many factors, such as
feedstock compositions, fermentative sugar concentration in hydrolysate, activity
of the fermentative yeast, and operating parameters like pH and temperature. Taking
bioethanol as an example, the final bioethanol concentration in a fermenter is usually
low when using lignocellulose as feedstocks than that with food as feedstocks
(Ferreira et al. 2018). In general, the bioethanol concentration is lower than 5%
(in w/w) when using cellulose as feedstocks, meaning that the produced bioethanol
must be firstly concentrated to a higher concentration for downstream processing.
Besides, the products are usually inhibitive to yeast cells for continuous production.
Therefore, separation and recovery of the bioethanol from a fermenter are significant
for economical production of bioethanol at continuous mode. Among different
biofuels recovery processes, membrane-assisted bioethanol recovery has particularly
advantages of low energy requirement, pure products, and mild operating conditions
over the traditional processes like distillation (Balat et al. 2008). The known
membrane-based bioethanol recovery technologies include ultrafiltration, reverse
osmosis, membrane distillation, pervaporation, and hybrid process; among them
membrane distillation and evaporation are the two well-established methods nowa-
days (Bayrakci Ozdingis and Kocar 2018).

The working mechanism of membrane distillation is based on the differential
vapor pressure at microporous hydrophobic membrane surface, which acts as the
driving force for biofuels separation. For example, the ethanol partial pressure is
higher than water; thus, ethanol vapor can transfer across the membrane in priority,
and based on that, the separation of bioethanol from broth can be realized
(Tomaszewska and Białończyk 2013). The commonly used membrane types for
membrane distillation are prepared from low surface energy hydrophobic polymer
like polypropylene, polytetrafluorethylene, and polyvinylidene fluoride (Saha et al.
2017). And a nonporous membrane is usually used in the pervaporation process to
recover biofuels from solution by partial vaporization based on the solution–diffu-
sion model (Trinh et al. 2019). During pervaporation, permeation of a component
from solution to membrane and evaporation of the specific component from the
membrane to vapor stream successively happen. In this way, the biofuels in solution
can be selectively separated and recovered. Pervaporation membrane can be roughly
classified into two types, i.e., hydrophilic membrane and hydrophobic membrane.
The hydrophilic membrane is mainly used to remove water from the mixed solution,
while the hydrophobic membrane is mainly used to extract biofuels from the liquid
stream (Huang et al. 2008). Therefore, the hydrophobic membrane is more energy
efficient for biofuels recovery when biofuels concentration in liquid is low, espe-
cially in the case for bioethanol recovery from digestate in which bioethanol
concentration is usually less than 10% w/w.

In recent years, the hybrid processes have attracted wide attentions since it can
fulfill the requirements for high-efficiency continuous biofuels production. The
hybrid process integrates various units together for some specific functions. For
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example, the hybrid fermentation–pervaporation process can remove the produced
bioethanol in situ to offset product inhibition and avoid yeast cells washout by
holding back the yeast biomass with the membrane module (Santos et al. 2018). A
hybrid system integrating membrane fermentation and cogeneration was proposed
by Lopez-Castrillon et al. (2018), which effectively improved energy output effi-
ciency of the fermentation system with possibility of additional electricity generation
(275 kWh/t of cane). A hybrid extractive distillation column with high selectivity
pervaporation was implemented in alcohol dehydration process, which demonstrated
that the hybrid system could save up to 25%–40% of the total annual cost and energy
(Novita et al. 2018).

9.3 Membrane Application on Gaseous Biofuels Production

Gaseous biofuels, like biohydrogen and methane, are also important renewable
energy types which have been widely and practically used. For example, the biogas
digester is commonly constructed in medium or small size dispersedly for household
cases attributing to simple digester configuration and low investment (Chen et al.
2017). The bioreactors with sophisticated structure, like membrane-based bioreac-
tors, are not suitable to be used in rural places attributing to their high cost but are
frequently used in hydrogen production. Hydrogen is a clean energy than traditional
fossil fuels, which generates only water as a by-product with zero greenhouse gas
emissions during combustion while embracing larger energy content per unit mass
(142 kJ/g) over other fuel types (Di Paola et al. 2015; Zhong et al. 2017). Compared
with hydrogen production via thermochemical method like steam reforming and
electrochemical method like electrolysis, biological hydrogen production has
attracted particular interests due to its mild operating conditions, low energy con-
sumption, and abundant feedstocks (Aslam et al. 2018a). However, biohydrogen
productivity in large-scale application is still very low, hindering the commerciali-
zation of biohydrogen.

Many process parameters and environmental factors have significant influences
on biohydrogen productivity, such as pH, temperature, substrate and nutrients
availability, by-product and product concentration, microbial competition, and
other hazardous materials (Liao et al. 2013; Prabakar et al. 2018). Researches are
necessary to solve the remaining bottlenecks to practical applications of biohydrogen
energy. Among many emerging approaches for high-efficiency biohydrogen pro-
duction, membrane-integrated biohydrogen production system is for sure a promis-
ing technology allowing for dealing with various kinetic inhibitions in biohydrogen
production, like biomass washout and substrate or product inhibition, as shown in
Table. 9.3 (Aslam et al. 2018a).

Biological hydrogen production is a technology that produces hydrogen gas with
microorganisms. It can be roughly classified into photo-dependent biohydrogen
production via photolysis of water by algae and cyanobacteria or photo-fermentation
by decomposing organic matters with photosynthetic bacteria and dark fermentation
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for hydrogen production with facultative or obligate anaerobic bacteria (Trchounian
et al. 2017).

9.3.1 Membranes Used for Photo-dependent Biohydrogen
Production

During photolysis, which is the first case of the photo-dependent biohydrogen
production, some oxygenic photosynthetic microorganisms like algae or
cyanobacteria strains absorb solar energy and convert it into chemical energy by
splitting water to proton (H+) and molecular oxygen (O2) with intracellular pigments
(Yilanci et al. 2009). Then the generated H+ acts as electron acceptor for H2

production in the downstream combination with excessive electrons assisted by
intracellular enzyme of algal or cyanobacterial cells (He et al. 2017). Besides H2

generation, the technology also realizes high-efficiency carbon mitigation since the
growth and metabolism of algae or cyanobacteria can absorb ambient CO2 as carbon
source at solar energy conversion efficiency of tenfold than terrestrial plants
(Khetkorn et al. 2017). Thus, biohydrogen production via photolysis is regarded as
the cleanest way of hydrogen production, but its application is severely inhibited by
low hydrogen productivity, oxygen inhibition, and strict light requirement (Argun
and Kargi 2011). Many works were reported on enhancement of photolysis
biohydrogen production. Ban et al. (2018) found that Ca+ was capable of decreasing
the rate of chlorophyll reduction, maintaining the protein content at high level, and
scavenging most of reactive oxygen species, which improve direct and indirect
photolysis H2 production, with the maximum value of 306 ml/L H2 under Ca+

Table 9.3 Major application of membranes in gaseous biofuels production process

Process Target of membranes Characteristics

Photo-depen-
dent
biohydrogen

Algae, cyanobacteria, or photo-
fermentation with photosynthetic
bacteria

Membrane application mainly focused
on downstream products refining

Dark-fermen-
tative
biohydrogen

Anaerobic conditions that avoid
oxygen inhibition and light
inhibition

Submerged membrane bioreactor: low
energy cost but high membrane area
Side-stream membrane bioreactor: small
membrane area but high transmembrane
pressure, high energy cost

Products
purification

Remove impurities for quality
upgrading of gaseous biofuels

Gas transfer mechanisms of the mem-
brane: (1)viscous flow, (2) surface diffu-
sion, (3) Knudsen diffusion, (4) capillary
condensation, (6) molecular sieving,
(7) solution diffusion, (8) facilitated
transport, etc. (Bakonyi et al. 2018; Li
et al. 2015a; Lundin et al. 2017)
Key criteria for the membrane: (1) per-
meability and (2) selectivity
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adding amount of 5 mM. Rashid et al. (2013) applied mechanical agitation of culture
medium in the photobioreactor to enhance oxygen escape from suspensions to
reduce inhibiting effect of oxygen on biohydrogen production in microalgae system.

Unlike photolysis with algae or cyanobacteria, photo-fermentation with photo-
synthetic bacteria like non-sulfur purple photosynthetic bacterium, which is regarded
as the second case of photo-dependent biohydrogen production, is unable to derive
electrons from water. Photo-fermentation bacteria usually use simple sugars and
volatile fatty acids as feedstocks (Zhang et al. 2018b). And many problems like high
energy demand, low light conversion efficiency, and uneven light distribution in
bioreactors still need to be addressed for photo-fermentation. To enhance the light
conversion efficiency and improve the uneven light distribution in reactors, two
kinds of optical fibers with high surface luminous intensity have been developed by
using the polymer optical fiber and hollow quartz optical fiber (Xin et al. 2017;
Zhong et al. 2016, 2019), respectively, and the prepared fibers have been applied in
the photoreactors (Zhong et al. 2019). Tian et al. (2010) adopted a cell immobiliza-
tion technique to a biofilm-based photobioreactor to enhance light conversion
efficiency and biohydrogen production rate with photosynthetic bacteria
Rhodopseudomonas palustris CQK 01. By cultivating photosynthetic bacteria on
the surface of packed glass beads in the work by Tian et al. (2010), the maximum
biohydrogen production rate was improved to 38.9 mL/L/h and the light conversion
efficiency was enhanced to 56%. Fu et al. (2017) adopted light guide plate in photo-
fermentation system to realize uniform light distribution in the system and enhance
biohydrogen production. In the system, light was supplied from one side of the light
guide plate and then emitted from the surface of the plate, in which way the light was
elaborately dispersed in the culture. As a result, the hydrogen production rate was
improved to 11.6 mmol/h/m2.

Unfortunately, applications of membrane technology on photo-dependent
biohydrogen production system are relatively scarce up to date, which are mainly
focused on downstream purification of hydrogen products (Lin et al. 2018). Since
some membranes have the ability to selectively separate gas and liquid components
as well as regulate mass and heat transfer, membrane integrated photobioreactors for
biohydrogen production are expected to enhance photo-biohydrogen production.

9.3.2 Membranes Used for Dark-Fermentative Biohydrogen
Production

Compared with biohydrogen production via photolysis or photo-fermentation, dark-
fermentative biohydrogen production occupies more predominant status nowadays.
Dark fermentation presents many advantages over photo-fermentation. Since light is
unnecessary for dark fermentation process, reactors design is more flexible for dark
fermentation, and the volume utilization of the bioreactors can be fully exploited
(Łukajtis et al. 2018). In addition, oxygen inhibition is no longer a problem in
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anaerobic conditions; dark-fermentative biohydrogen production shows more reli-
able and faster hydrogen production rate.

For conventional dark fermentation process, continuous stirred-tank reactor
(CSTR) is widely used due to its simple construction, effective mixing, and ease
of operation. But low biomass density in fermentative broth of the CSTR caused by
high biomass washout rate and by-product and product inhibitions are crucial
shortcomings for feedstocks conversion and hydrogen production (Kariyama et al.
2018). The membrane modules in anaerobic membrane bioreactor (AnMBR) typi-
cally assist the biochemical conversion processes of feedstocks to hydrogen by
ensuring high solid retention time (SRT) and selectively removal of inhibiting
products (Shin and Bae 2018). In detail, membranes can separate liquid stream
from biomass and thus retain biomass in the bioreactor, in which way long SRT
required for efficient wastewater treatment and short hydraulic retention time (HRT)
for cost-effectiveness are satisfied at the same time (Aslam et al. 2018b). In addition,
membranes in the bioreactors can retain the metabolites in the system for further
conversion to produce biohydrogen, enhancing the substrate conversion efficiency
(Park et al. 2017). For example, Nielsen et al. (2001) used a heated palladium–silver
membrane reactor to separate hydrogen from the gas stream, in order to eliminate the
inhibiting effects of products (H2) on H2 generation. Teplyakov et al. (2002)
integrated active polyvinyl-trimethyl-silane membrane system with dark-
fermentative bioreactor for hydrogen removal to reduce partial pressure of hydrogen
in the gaseous units.

In general, the membrane bioreactor can be mainly classified into two types:
submerged membrane bioreactor and side-stream membrane bioreactor (as shown in
Fig. 9.2). Membrane modules are usually submerged in the liquid phase of the
reactor for the submerged membrane bioreactor, while they are set outside of the
reactor as a separate unit for the side-stream membrane bioreactor (Łukajtis et al.

Fig. 9.2 Configurations of (a) the submerged membrane bioreactor (MBR) and (b) the side-stream
MBR for gaseous biofuels production
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2018). The side-stream membrane bioreactor is characterized by small exchange
area of the membrane and easy conduction of membrane washing. However, a high
energy cost is required to supply enough transmembrane pressure for the filtration of
fermentative broth. On the contrary, the energy cost in the submerged membrane
bioreactor is much lower than the side-stream membrane bioreactor, but larger
membrane exchange area is necessary (Aslam et al. 2018a). Recently, many derived
types of membrane bioreactor are proposed for high-efficiency biohydrogen produc-
tion. Bakonyi et al. (2015) established a double-membrane bioreactor, in which a
commercial microfiltration membrane module was added into a membrane hydrogen
fermenter, which realized simultaneous biohydrogen production and purification. A
dynamic membrane bioreactor integrating a self-forming dynamic membrane with a
continuous fermenter was constructed by Park et al. (2017). In the dynamic mem-
brane bioreactor, the membrane module successfully retained effective hydrogen-
producing–bacterial consortia, resulting in a maximum hydrogen production rate of
51.38 L/L/day. Saleem et al. (2018) adopted a side-stream dynamic membrane
bioreactor using dynamic membrane as a solid–liquid separation media and signif-
icantly improved the dark-fermentative biohydrogen production under mesophilic
conditions.

9.3.3 Membranes Used for Biohydrogen Purification

Another important role of membrane in biohydrogen production system is purifica-
tion of the gaseous products to obtain high-quality hydrogen fuel. During
biohydrogen production via photo- or dark fermentation, large quantities of
by-products are generated along with hydrogen gas, like CO2, CO, SOx, and NOx,
which have great negative effects on combustion property of biohydrogen as fuel
(Khan et al. 2018). It is important to remove the impurities with CO2 as a major
target for gas upgradation. Membrane technology for biohydrogen purification is a
feasible approach because it avoids chemical conversion of the mixed gas.

In general, a membrane is a semipermeable separator which acts as a selective
mass transfer barrier to realize separation of different compositions (Bakonyi et al.
2018). According to membrane type (porous or nonporous membrane), gas transfer
mechanisms of the membrane mainly include (1) viscous flow, (2) surface diffusion,
(3) Knudsen diffusion, (4) capillary condensation, (6) molecular sieving, (7) solution
diffusion, and (8) facilitated transport, which are elaborately described in the previ-
ous paper (Bakonyi et al. 2018; Li et al. 2015a; Lundin et al. 2017). Superior
permeability and selectivity are two key criteria for the membrane applied in gas
purification, but it is unfortunate that these two factors are usually not compatible
with each other. This limits application of most available membrane types in
industrial production of biohydrogen. Many researchers have been dedicating so
much effort to enhance the gas separation characteristics of membranes for
biohydrogen purification. Ahmad et al. (2016) constructed a nearly
superhydrophobic and microporous membrane by blending amorphous poly-
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benzimidazole and semicrystalline polyvinylidene fluoride, which removed 67% of
CO2 in gas mixture of H2 and CO2 at highest CO2 flux of 4.16 � 10�4 mol/m2/s
across the membrane. Wu et al. (2017a) synthesized a membrane made of glassy
polymers, polyetherimide-coated bio-cellulose nanofibers, and a coconut shell active
carbon as adsorbent carriers for CO2 separation in dark-fermentative gas mixture.
The synthesized membrane was convinced to have CO2 permeability of 16.72 Barrer
and corresponding CO2/H2 selectivity of 0.15. Abd. Hamid et al. (2019) proposed a
synthesized polysulfone–polyimide membrane with the highest permeability of
348 GPU (gas permeation unit, 1 GPU equal to 1 � 10�6 cm3(STP)/(cm2

•s•cm
Hg)) for H2 and 86 GPU for CO2, H2/CO2 selectivity of 4.4, and H2 purification
efficiency of 80%.

However, many previous literatures also reported that the equipment cost, reli-
ability, and energy efficiency of the membrane bioreactor are unable to compete with
the traditional CSTR. Among various influencing factors, membrane fouling is one
of the most important problems, as seen in Fig. 9.3 (Buitrón et al. 2019). During
microorganism growth and metabolism, a quantity of soluble microbial products and
extracellular polymeric substances which consists of complex biopolymer mixtures
like proteins, polysaccharides, lipopolysaccharides, and lipoproteins, is produced in
the cultures (Zhang et al. 2015). With assistance of the excretive soluble microbial
products and extracellular polymeric substances, the biomass flocs are easily
attached and accumulated on membrane surface since the biomass flocs are usually

Fig. 9.3 Key limitations of
membrane application in
microbial biofuels
production process (Buitrón
et al. 2019)
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larger than the membrane pore size, resulting in pore blocking and membrane
fouling (Khan et al. 2019; Zhang et al. 2015).

In this regard, enhancement of physical–chemical properties of the membrane to
reduce foulant attaching on the membrane surface is a primary objective to prevent
membrane fouling. Membrane modifications with physical structural rearranging,
chemical coating, and functional material embedding are promising approaches for
antifouling membrane development (López-Cázares et al. 2018; Qin et al. 2018;
Shan et al. 2018). Schematic of some typical membrane modification methods for
antifouling technology is shown in Fig. 9.4, like physical structural modification
with nano-Ag cluster (Fig. 9.4a) and chemical solvents coating on the membrane
(Fig. 9.4b). For example, López-Cázares et al. (2018) enhanced the anti(bio)fouling
of cation exchange membranes (Nafion and Ultrex membranes) by immobilizing
nanocomposites of nanoparticles on graphene oxide as a thin film using a
polydopamine adhesive. Shan et al. (2018) explored a facile and biomimetic method
of amphiphobic surface with special structure and controllable wettability, which
enhanced the flux and antifouling performances of the membrane. Li et al. (2018a)
grafted thermo-responsive polymer chains on the surface of polyethersulfone, devel-
oping a modified membrane with rich porosity and well antifouling property.

Another important antifouling approach is dynamic membrane technology which
uses a physical barrier to prevent formation of cake layer on the membrane surface
(Yang et al. 2018). Compared with the conventional approaches to control mem-
brane fouling by air bubbling, the dynamic membranes can provide stronger shear
force on the phase interface of the liquid and membrane by mechanical vibration,
like rotating, vibrating, and oscillating (Bagheri and Mirbagheri 2018; Qin et al.
2018). The typical dynamic membrane system, like membrane rotating system, is
shown in Fig. 9.4c. Ruigómez et al. (2017) proposed a physical cleaning strategy

Fig. 9.4 Typical antifouling membrane system. (a) Membrane surface modification with nano-Ag
cluster, (b) chemical coating of membrane and (c) dynamic membrane system with rotating unit
(Qin et al. 2018)
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based on membrane rotation in a submerged anaerobic membrane bioreactor and
improved the fouling removal effectiveness, achieving a stable net permeate flux of
6.7 L/m2 h. Chatzikonstantinou et al. (2015) employed high-frequency powerful
vibration technique in both hollow fiber and flat sheet modules to prevent membrane
fouling. They reported that the strategy of high-frequency powerful vibration is
capable of reducing membrane fouling and is promising with respect to energy
savings. These emerging antifouling technologies provide great potential to reduce
membrane manufacturing and operating costs, which then enhance the commercial
feasibility of biohydrogen application as energy sources.

9.4 Membrane Application in Microbial Fuel Cells

Microbial fuel cells (MFCs), which are bioelectrochemical devices, have attracted a
particular interest in the energy field due to its environmental-friendly characteristic
by using microorganism as electrocatalyst to conduct an oxidation–reduction reac-
tion and convert chemical energy in wastewater into electrical energy (Leong et al.
2013; Zhong et al. 2018). The configuration of MFCs generally contains three parts,
anode, cathode, and electrolyte layer, in which the MFCs can be roughly classified
into two types, i.e., dual chamber MFC and single chamber MFC (as shown in
Fig. 9.5). The dual chamber MFC contains an anode and a cathode chamber, which
are separated by a proton exchange membrane that acts as electrolyte bridge. In
contrast, the single chamber MFC contains only anode chamber, with air as the
cathode of the system. The MFC has dual advantages of simultaneous electricity
generation and treating wastewater, but commercialization of this technology is still
hindered by high cost (Tender et al. 2008) and low power density (Tender et al.
2002).

The membrane is a major part of the MFC acting as separator that physically
divides the anode and cathode but keeping them chemically and ionically connected,
which significantly influences the MFCs’ overall investment and power density.

Fig. 9.5 Schematic diagram of (a) the dual chamber microbial fuel cell (MFC) and (b) the single
chamber MFC
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Until now, the possible types of membranes that can be used in the MFC include
cation exchange membrane (Daud et al. 2018), anion exchange membrane
(Elangovan and Dharmalingam 2017), porous membrane (Li et al. 2015b), poly-
mer/composite membrane (Ahilan et al. 2018), etc. Each type of membrane has its
advantages and disadvantages. For example, cation exchange membrane is the
preferential separator used in MFC since it directly conducts H+ from anode to
cathode, which enhances coulombic efficiency of the MFC (Chaudhuri and Lovley
2003). pH splitting between the anode and cathode chamber of the MFC easily
happened, attributing to transfer competition of other cations (like K+, Na+, NH4

+,
and Ca2+) with H+ across the cation exchange membrane, which may cause H+

accumulation in anolyte (Chae et al. 2008). The anion exchange membrane can
effectively diminish pH splitting since the AEM conduct OH� or carbonate anions
transfer from cathode to anode, promoting H+ transfer by acting as H+ carrier
(Varcoe et al. 2014; Ye and Logan 2018). However, the substrate crossover through
the AEM is a major drawback for MFC performance (Hernández-Flores et al. 2017).
Though the internal resistance of porous membrane is low, it is not a good candidate
for the MFC, attributing to high crossover rate of oxygen and substrate through the
pores, except for cases when aerobic bacterium in anode is intended to be cultivated
for removal of some specific organic matters, like azo bonds during azo dyes
treatment (Slate et al. 2019). Polymer/composite membrane is a newly emerging
type which combines merits of polymers and inorganic or organic fillers to realize
more abundant functions, but it is in cost of larger surface roughness, resulting in
higher possibility of biofouling (Antolini 2015). In general, the membrane affects
MFCs’ performance and cost from aspects of membrane internal resistance, oxygen
diffusion, substrate loss across the membrane, pH splitting, and membrane biofoul-
ing (Dharmalingam et al. 2019; Leong et al. 2013).

The membrane with high resistance is not conducive to proton diffusion from
anode to cathode due to low ion-exchange capacity of the membrane, resulting in
poor MFC performance, while low resistance membrane with porosity like
microfiltration membrane can also reduce the power density of the MFC, attributing
to high crossover rate of oxygen and substrate through the pore on the membrane
(Zhao et al. 2009). Therefore, the membrane with low internal resistance and low
oxygen and substrate crossover rate is an ideal type for improving coulombic
efficiency and power density of the MFC (Ji et al. 2011). Gao et al. (2018) developed
a novel carbon-based conductive membrane that had a lower internal resistance
(752 Ω) relative to the proton exchange membrane (937 Ω) and enhanced the power
density of the MFC to 228 mW/m3. Wu et al. (2017b) adopted an electroconductivity
aerated membrane (EAM) as biocathode in the MFC to enhance power density and
wastewater treatment. The EAM had superior property in controlling oxygen and
substrate diffusion as well as proton transfer, resulting in a power density of
4.20 � 0.13 W/m3 at a current density of 4.10 � 0.11 A/m2.

Oxygen and substrate diffusion across the membrane are important issues for
MFC which can significantly reduce MFC’s power density and coulombic efficiency
(Do et al. 2018). Oxygen transfers from cathode to anode and then competes with the
anode to accept electrons since oxygen is a more favorable electron acceptor. In
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contrast, the substrate transfers across the membrane from anode to cathode cham-
ber, which is in opposite direction of oxygen diffusion. The substrate is then
oxidized by aerobic bacteria, and extra electrons are generated for the oxygen
reduction reaction at the cathode, leading to an internal short circuit inside the
MFC and reducing coulombic efficiency (Kim et al. 2013). Thus, the occurrence
of oxygen and substrate diffusion across the membrane diminishes the power density
of the MFC. The membrane in the MFC acts as a physical barrier for oxygen and
substrate diffusion during operation. From this view, the performance of the MFC
with membrane is usually better than the membraneless MFC. For example, it was
reported that the coulombic efficiency of the MFC with membrane was 20% higher
than the membraneless one (Li et al. 2018b; Slate et al. 2019). Unfortunately, a
membrane that can totally avoid oxygen and substrate diffusion is still not yet
developed. Some auxiliary approaches are necessary to minimize negative effects
of oxygen and substrate crossover on MFC performance. For example, Ahilan et al.
(2018) modified ceramic membrane with montmorillonite–H3PMo12O40/SiO2 com-
posite to reduce the oxygen mass transfer coefficient to 5.62 � 10�4 cm/s, which is
near the commercia polymeric Nafion membrane. Logan et al. (2005) used chemical
oxygen scavenger, i.e., cysteine, in the anode chamber to remove the oxygen by
reacting with oxygen to form disulfide dime (cystine). Yousefi et al. (2018) assem-
bled a chitosan/montmorillonite nanocomposite film layer-by-layer over the surface
of commercial unglazed wall ceramics to be utilized as the separator of MFC, in
which the oxygen diffusion coefficient was one-sixth of the blank ceramic mem-
brane. To avoid substrate diffusion, a membrane which is nonporous and has high
selectivity for cations but does not allow anions transfer is the preferred approach
(Leong et al. 2013).

The oxygen and substrate diffusion can also induce biofouling of the membrane
and pH splitting of the MFC, which cause negative effects on MFC performance.
The membrane biofouling usually occurs on the membrane surface facing the anode
chamber due to the attachment of microbial and organic matter as a biofilm (Chae
et al. 2008). Besides, oxygen near the membrane in the anode side that transferred
from the cathode triggered biofilm formation of aerobic bacteria, which acts as
barrier for proton diffusion between the anode and cathode (Li et al. 2018b). Thus,
the produced H+ in the anode accumulates in the anolyte, making the anolyte more
acidic and the catholyte more alkaline. The phenomenon of pH splitting may
deteriorate bacterial growth and metabolism and then reduce power density and
coulombic efficiency. To ensure high performance of the MFC, the fouled mem-
brane must be replaced with new one for proton diffusion, but this dramatically
improved operating investment of the MFC. In recent years, researchers proposed
some approaches to reduce membrane biofouling, like antimicrobial approach and
anti-adhesion approach (Chatterjee and Ghangrekar 2014; Noori et al. 2018; Sun
et al. 2016b; Yang et al. 2016). Chatterjee and Ghangrekar (2014) constructed
antifouling MFC using vanillin as biocide. Yang et al. (2016) coated the membrane
with a silver nanoparticle–polydopamine to mitigate biofouling of the membrane by
taking advantage of antimicrobial effect of nano-Ag particle. Sun et al. (2016b) used
well-ordered multi-walled carbon nanotubes and its derivative modified with the
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carboxyl-modified to prevent microbial adhesion. However, the effectiveness of
these antifouling methods drastically reduced after a certain period of operation.
Until now, biofouling is still one of the biggest limitations for membrane application
in MFC field, which will deteriorate membrane performance and durability and then
negatively affect the power output and operational cost (Do et al. 2018; Gajda et al.
2018).

In conclusion, the membrane is a very important component for the MFC. The
properties of mass transfer like H+, oxygen, and substrate; energy transfer like
thermal, chemical, and electrical; and energy conversion between chemical, electri-
cal, and thermal power in the MFC system are closely related to the function and
structure of the membrane modules, which ultimately affects MFC’s performance.
Among various available membranes, the choice of an ideal type for the MFC
requires certain criteria, including internal resistance; ion conductivity; permeability;
physical, chemical, and thermal stability; biofouling; and cost (Dharmalingam et al.
2019; Rabaey and Verstraete 2005). A superior membrane with characteristics of
high ionic conductivity and high antibiofouling property but with low internal
resistance, low oxygen, low substrate diffusion rate, and low cost is needed to be
developed for large-scale application of MFC.

9.5 Conclusions

Microbial energy conversion technology is a potential method for simultaneous
realization of environmental remediation and energy production. Membranes play
very important roles in bioenergy production processes for enhancement of
bioenergy productivity and quality. This chapter presents a review on the roles and
mechanisms of membranes on bioenergy production processes, and the important
influencing factors are discussed. For liquid biofuels production, membranes can
enhance microalgae biomass productivity, concentrate sugar concentration, remove
inhibitors from the hydrolysate, and recover liquid biofuels from solution. For
gaseous biofuels production, the membranes can enhance bioenergy output by
ensuring high solid retention time (SRT) and purify the produced biogas for high-
quality fuel generation. For the microbial fuel cell, the membrane can avoid internal
short circuit and increase power density by acting as physical barrier and electrolyte
bridge. But biofouling of membrane caused by microbial attachment is a vital
problem that needs to be addressed. Antifouling technologies, like anti-adhesion
approach or antimicrobial growth approach, are discussed in the work. For future
prospect, antifouling technology of membranes is still the primary target to reduce
membrane cost. Some versatile membrane types coated with functionalized groups
or materials should be developed to fulfill various occasions. In addition, further
application of membrane on microbial energy conversion should be explored, like
membrane application on photo-dependent hydrogen production.
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Abstract In this communication, we discuss various production methods as poten-
tial venues targeted towards alternative fuel generation. These will revolve around
the Fischer–Tropsch (FT) process and biodiesel and hydrogen generation tech-
niques. The implementation of membrane reactors in the production of fuels will
be shown and discussed; and their advantages will be detailed. The main routes of
hydrogen production are also detailed, which include autothermal reforming and
biological process. This was done to compare the main advantages of various
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techniques for the production of hydrogen, as it is noted to be the most desired utility
fuel that can serve various purposes. The application of membranes also facilitates
an increase in the conversion of desired products while shifting the equilibrium of
the reaction and reducing undesired by-products. Membrane reactors also overcome
immiscibility issues that hinder conventional reactor processes. Membrane reactors
are also demonstrated to reduce the difficulty in separating and purifying impurities,
as they couple separation and reaction in one process. This shows drastic economic
and energy requirement reductions in the amount of wastewater treatment associated
with conventional fuel production reactor. Emphasis is also paid to catalytic mem-
branes used for the production of biodiesel, which can also remove glycerol from the
product line as an added advantage.

Keywords Countercurrent membrane · Fischer–Tropsch · Hydrogen · Pyrolysis ·
Transesterification

Abbreviations

CH4 Methane
CO Carbon monoxide
CO2 Carbon dioxide
FAME Fatty acid methyl esters
FT Fischer–Tropsch
GHGs Greenhouse gases
HC Hydrocarbon
ML-CMR Monolith loop catalytic membrane reactor
Ni Nickel (-based catalyst)
O2 Oxygen
PSA Pressure swing absorption
PVA Poly(vinyl alcohol)
Rh Rhodium (-based catalyst)
SMR Steam methane reforming
SO2 Sulfur dioxide
SPVA Sulfonated poly(vinyl alcohol)
TCT Thermochemical treatment

10.1 Introduction

The increase in the global population has led to greater fossil fuel consumption and,
as a result, a significant increase of greenhouse gases (GHGs) in the atmosphere.
This poses a serious threat to the worldly environment and subsequently impacts
climate change. Fossil fuels are the slowest growing source of energy, and their
supplies are dwindling daily (Barreto 2018). The price of fossil fuel resources is also
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increasing due to their heightened demand. The increasing emissions of carbon
dioxide (CO2), sulfur dioxide (SO2), hydrocarbons (HCs), and volatile hydrocarbons
from the burning of fossil fuels lead to significant amount of air pollution and global
warming (Shuit et al. 2012). Recent fuel production technologies have focused on
utilizing renewable resources, in order to be more sustainable and environmentally
friendly. Alternative fuels such as biodiesel and hydrogen and the products from
Fischer–Tropsch (FT) process are now commercially produced to offer a solution
towards the aforementioned problems.

Hydrogen is a promising fuel for the environment as its only waste product is
water. It can be produced from any primary energy resource and can be used for
direct combustion in an internal combustion engine or in a fuel cell (Marbán and
Valdés-Solís 2007). Furthermore, hydrogen is the only carbon-free fuel and has the
highest energy content among all fuel types. It is also deemed globally as an
environmentally benign form of renewable energy as opposed to conventional fossil
fuels. Moreover, hydrogen can be used for domestic purposes because it has the
potential to be transported by typical means, and for it to be fed to stationary fuel
cells, it can be stored as a solid hydride, compressed gas, or cryogenic liquid
(Nikolaidis and Poullikkas 2017). Hydrogen fuel can be produced from fossil fuels
by using methods such as steam reforming, partial oxidation, and autothermal
reforming. It can also be produced from nonrenewable resources such as thermo-
chemical treatment (TCT) and biological processes and water splitting methods.

Biodiesel as a source of energy has received a lot of attention due to the fact that it
is renewable and biodegradable and can deliver better quality of exhaust gas
emissions (Lu et al. 2007; Wang et al. 2009). Biodiesel is a mixture of monoalkyl
esters of long-chain fatty acids derived from renewable lipid feedstocks, for exam-
ple, vegetable oils and animal fats. Biodiesel has demonstrated superiority over
conventional diesel fuel, due to its higher combustion efficiency, cleaner emissions,
higher cetane number, biodegradability, higher flash point, and better lubrication
(Shuit et al. 2012). A variety of methods such as dilution, microemulsion, pyrolysis,
and transesterification have been utilized to reduce the viscosity of vegetable oil so
that it is suitable for use as a fuel. Transesterification is the most common route used
to produce biodiesel, and the reactions include homogeneous catalyzed
transesterification, heterogeneous catalyzed transesterification, enzymatic catalyzed
transesterification, and supercritical technology.

Membrane reactors have successfully been employed to intensify the renewable
fuel production processes (Gutiérrez-Antonio et al. 2018; Pal et al. 2018; Tian et al.
2018). One of the most prominent advantages of the membrane reactor is the fact that
the reaction and separation aspects of the process are combined into one single unit.
This prevents the need for additional separation and recycling units, and as a result,
the process becomes greener and environmentally sustainable. Moreover, membrane
reactors can improve the conversion and selectivity of the reactions, reduce mass
transfer limitations, and have a greater thermal stability, as opposed to the conven-
tional reactors (Zhang et al. 2018).

In this communication, we will discuss renewable fuel production routes and
technologies in detail, which include biofuels, hydrogen, and the FT process. The
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advantages of membrane reactors will then be highlighted and elaborated and then
compared to conventional reactors and their environmental benefits. An in-depth
review of membrane reactors for renewable fuel production will then be conducted
to assess how conventional processes are intensified.

10.2 Fuel Production Routes

Membrane technology has been applied to biofuels and hydrogen fuels and for FT
synthesis. Biofuels are most commonly produced by transesterification; this consists
of homogeneous catalytic transesterification and heterogeneous catalytic
transesterification (Cannilla et al. 2018). Hydrogen can be produced by using fossil
fuels as the feedstock (Wen et al. 2018). This includes steam reforming, partial
oxidation, and autothermal reforming. In addition, hydrogen can be produced by
biological processes and TCT, such as pyrolysis, gasification, and water splitting
operations.

10.2.1 Biofuels Production

There are many well-established methods and technologies for producing biodiesel
fuel. It has been found that vegetable oils and animal fats are suitable for alteration to
reduce their viscosities so that they can be used as diesel engine fuels (Abbaszaadeh
et al. 2012). Typically, biofuels can be obtained by direct use and blending (Keskin
et al. 2008), microemulsions (Ramadhas et al. 2004), pyrolysis (Yusuf et al. 2011),
and transesterification (Aca-Aca et al. 2018). However, transesterification is com-
monly used to produce biofuels in membrane reactors.

The transesterification of oils (triglycerides) with alcohol produces biodiesel
(fatty acid alkyl esters, FAAE) as the main product and glycerine as the
by-product. Figure 10.1 illustrates the transesterification reaction. The conversion
of triglycerides to diglycerides takes place first, which is subsequently followed by

Fig. 10.1 Transesterification reaction of glyceride with alcohol (Ma and Hanna 1999). (Reprinted
with permission of Elsevier from Ma and Hanna 1999)
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the conversion of diglycerides to monoglycerides and then of monoglycerides to
glycerol, and this yields one methyl ester molecule from each glyceride at each step
(Ma and Hanna 1999). The transesterification reaction can take place with a homo-
geneous or heterogeneous catalyst. A homogeneous catalyst has the same phase as
the reactants used, which in this case is liquid. On the contrary, if the catalyst is
present in a different phase, then it is a heterogeneous catalytic reaction. Commercial
biodiesel is typically produced by homogeneous catalyzed transesterification; this is
because it has a lower production cost (Sharma et al. 2009).

Homogeneous Catalytic Transesterification

Homogeneous catalysts for transesterification can be classified into basic and acidic
catalysts (Bing and Wei 2019). The transesterification reaction using basic catalysts
often needs raw materials of a high purity and requires an additional separation of the
catalyst, products, and side products at the end of the reaction. Biodiesel is typically
produced using a homogeneous base catalyst such as alkaline metal alkoxides and
hydroxides and sodium or potassium carbonates. Mainly sodium or potassium
hydroxides have been used for the basic methanolysis reaction, within a concentra-
tion range of 0.4–2% w/w of oil. Homogeneous base catalysts are often preferred to
be used in industry due to their high conversions and catalytic activity and the fact
that they are widely available and economical to use (Abbaszaadeh et al. 2012;
Aransiola et al. 2014). Transesterification reactions using base catalysts are
conducted at low temperatures and pressures (333–338 K and 1.4–4.2 bar) with
catalyst concentrations of (0.5–2 wt%) (Abbaszaadeh et al. 2012; Lotero et al. 2006).

Homogeneous base catalysts limit the process because of the sensitivity to the
purity of the reactants, free fatty acid content, as well as to the water concentration of
the sample. When there is a substantial amount of free fatty acids and water present
in the oil, the oil is converted to soap as opposed to biodiesel. The free fatty acids
present in the oil will react with the base catalyst to aid the production of soaps,
which inhibits the separation of biodiesel, glycerine, and wash water (Meher et al.
2006). The presence of water makes the reaction change slightly to saponification,
and as a result, the base catalyst is used to produce the soap and so the catalyst
efficiency decreases. The accumulation of soap leads to an increase in viscosity and
gel formation, which diminishes the ester yield and makes the removal of glycerol
challenging. Hence, the side reactions such as hydrolysis and saponification should
be kept to a minimum, in order to enhance catalyst productivity (Enweremadu and
Mbarawa 2009).

Another type of homogeneous catalyst for the transesterification reaction is an
acid catalyst. This type of catalyst is well suited for feedstocks which have a high
free fatty acid content which are of a lower grade and inexpensive. The types of
acid catalysts typically used are sulfuric, hydrochloric, sulfonic, and phosphoric
acids. These types of catalysts can produce customized biodiesel, as the properties
of the fuel can be modified based on the fatty acids existing in the feed and
subsequently the fatty esters found in the product (Kiss 2009). Acid-catalyzed
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homogeneous transesterification begins by mixing the oil directly with the acidi-
fied alcohol, which allows separation and transesterification to occur simulta-
neously in one single step, with the alcohol playing the role of both solvent and
esterification reagent (Cerveró et al. 2008). Using excel alcohol in the reaction
leads to a reduction in the reaction time needed for the acid catalyzed homoge-
neous reaction. Therefore, Bronsted acid catalyzed transesterification requires the
use of high catalyst concentration and a high molar ratio so as to shorten the
reaction time (Enweremadu and Mbarawa 2009).

Acid catalyzed homogeneous transesterification demonstrates superiority over
base catalyzed transesterification due to its low susceptibility to the presence of free
fatty acids in the feedstock. On the other hand, acid catalyzed transesterification is
highly sensitive to the presence of water. For example, it has been observed that
0.1 wt% of water in the reaction mixture can affect the ester product yields in the
transesterification of vegetable oil with methanol, with the reaction nearly fully
inhibited at 5 wt.% water concentration (Cerveró et al. 2008). In addition, acid
catalyzed homogeneous transesterification can lead to equipment corrosion, issues
with recycling, formation of by-products, increased reaction temperatures, long
reaction times, slow rate of reaction, and a weak catalytic activity (Di Serio et al.
2007; Goff et al. 2004).

Heterogeneous Catalytic Transesterification

Heterogeneous catalysts demonstrate superiority over homogeneous catalysts due to
their ease of separation from the reaction mixture and reuse. In addition, using
heterogeneous catalysts for transesterification reactions does not cause the produc-
tion of soap (Wang and Yang 2007). Lower production costs and higher efficiencies
can be achieved with the use of these catalysts due to the elimination of several
process steps such as washing/recovery of biodiesel/catalyst. The heterogeneous
catalytic transesterification process can operate in extreme reaction conditions,
between 70 and 200 �C to obtain a product yield of greater than 95% using MgO,
CaO, and TiO2 catalysts (Singh and Fernando 2007). An economic assessment of
homogeneous and heterogeneous processes in large-scale biodiesel production
plants has previously demonstrated the benefits of heterogeneous catalytic processes
with regard to higher biodiesel yields and higher glycerine purities, as well as low
catalyst costs and maintenance (Kiss et al. 2010).

Heterogeneous catalysts for transesterification can be classified into solid base or
solid acid. Majority of the heterogeneous solid catalysts are base or basic oxides, as
they are more active than the solid acid catalysts. Basic zeolites, alkaline earth metal
oxides, and hydrotalcites are the most prominent solid base catalysts used for the
transesterification reaction (Kouzu and Hidaka 2012). Solid base catalysts have
demonstrated higher activity than the solid acid catalysts (Abbaszaadeh et al.
2012). Metal oxide catalysts such as CaO and MgO are relatively cheap, and if
they have a high catalytic activity and stability, utilizing them as catalysts would be
economically desirable to produce biodiesel. Nevertheless, CaO has been found to
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leach into the reaction mixture, and as a result the metal ions would have to be
extracted from the product by water washing, and so the benefits of using a
heterogeneous catalyst would be gone. Despite this, CaO is still predominantly
used as a solid base catalyst and has shown a long catalyst lifetime, high activity,
and low methanol solubility and does not require extreme operating conditions (Liu
et al. 2008).

Heterogeneous solid acid catalysts have a variety of acid sites with varying
strengths of Bronsted or Lewis acidity, as opposed to homogeneous acid catalysts.
Solid acid catalysts are unaffected by free fatty acid content, allow simultaneous
esterification and transesterification (Dalai et al. 2006) and easy catalyst removal
from product stream, and prevent corrosion (Patil and Deng 2009). Typical solid
acid catalysts used for the transesterification reaction are Nafion NR50, sulfated
zirconia, and tungstated zirconia due to the acidic strength of the active sites. The
catalyst which depicts a higher selectivity towards methyl esters and glycerol is
Nafion as it has the strongest acid strength (Abbaszaadeh et al. 2012).

10.2.2 Hydrogen Production

Hydrogen can be produced from a primary energy source, such as fossil fuels, and
can then be used as a fuel either for direct combustion in an internal combustion
engine or in a fuel cell. Another method of producing hydrogen is from renewable
resources, which can be from biomass or water (Edrisi and Abhilash 2016). If
biomass is used as the feedstock, then hydrogen can be obtained by means of
thermochemical and biological processes. Thermochemical processes largely consist
of pyrolysis, gasification, combustion, and liquefaction, whereas biological pro-
cesses consist of direct and indirect bio-photolysis, dark fermentation, photo-
fermentation, and sequential dark and photo-fermentation. More recent hydrogen
production methods consist of electrolysis, thermolysis, and photo-electrolysis,
which require water as the only raw material. The various routes for hydrogen
production are depicted in Fig. 10.2 (Nikolaidis and Poullikkas 2017).

Production of Hydrogen from Fossil Fuels

The main method of producing hydrogen from fossil fuels is hydrocarbon reforming
and pyrolysis. Until now, hydrogen was produced from 48% natural gas, 30% from
heavy oils and naphtha, and 18% from coal. The production of hydrogen from fossil
fuels has remained as the dominant method in the world hydrogen supply because
the production costs are strongly correlated to the fuel prices which are maintained at
an acceptable level (Nikolaidis and Poullikkas 2017).

The steam reforming method essentially consists of an HC and steam reacting
together to form hydrogen and carbon oxides by using a catalyst. The main steps in
this reaction are synthesis gas (syngas) production, water–gas shift (WGS), and
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methanation or gas purification. The raw materials used for this reaction can be
methane, natural gas, combinations of light hydrocarbons, and light and heavy
naphtha (Balthasar 1984). The steam reforming reaction conditions are high tem-
peratures, pressures (up to 3.5 MPa), and steam-to-carbon ratios of 3.5. This is so
that the desired hydrogen purity can be achieved, as well as reducing the coke
formation on the solid catalyst surface (Ersöz 2008). Once reforming is complete,
the product stream is passed into a WGS reactor and a heat recovery step where the
CO reacts with the steam to produce more hydrogen. Finally, the mixture is taken
through CO2 removal and methanation, or through pressure swing absorption (PSA),
which allows a hydrogen purity of approximately 100% to be obtained (Steinberg
and Cheng 1989). The main chemical reactions that take place for steam reforming
are depicted below with respect to each unit operation as follows (Holladay et al.
2009; Nikolaidis and Poullikkas 2017):

Reformer : CnHm þ nH2O ! nCOþ nþ 1
2
m

� �
H2 ð10:1Þ

WGS reactor : COþ H2O ! CO2 þ H2 ð10:2Þ
Methanator : COþ 3H2 ! CH4 þ H2O ð10:3Þ

Steam methane reforming (SMR) is the most widely used method for hydrogen
production, with a conversion efficiency of approximately 74–85%. Steam and
methane are reacted at 850–900 �C in the presence of a nickel-based catalyst to
produce syngas, and a hydrogen purity of 99.99% can be achieved when PSA is
utilized to remove the hydrogen (Chen et al. 2008).

Partial oxidation method is another route for converting steam, oxygen, and
hydrocarbons to hydrogen and carbon oxides. The non-catalytic partial oxidation
of hydrocarbons usually occurs with flame temperatures of around 1300–1500 �C to
ensure that complete conversion and prevention of soot formation is achieved
(Rostrup-Nielsen 2003). The catalytic process operates at 950 �C, with the feedstock
ranging from methane to naphtha (Steinberg and Cheng 1989). Once sulfur has been

Fig. 10.2 Hydrogen production routes (Nikolaidis and Poullikkas 2017). (Reprinted with permis-
sion of Elsevier from Nikolaidis and Poullikkas 2017)
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removed from the HC feedstock, pure oxygen (O2) is required to partially oxidize the
HCs, and the resultant syngas product is upgraded in the same way as the steam
reforming product (Balthasar 1984). Although using catalysts for partial oxidation
can lead to lower reaction temperatures, there are issues with temperature control due
to coke and hot spot formation because of the exothermic nature of the reactions.
When using natural gas as the feedstock, the catalysts of choice tend to be nickel
(Ni) or rhodium (Rh). However, Ni catalysts have a strong tendency to coke, and the
cost of Rh has increased over the years (Holladay et al. 2009). The catalytic and
non-catalytic reactions are depicted below (Nikolaidis and Poullikkas 2017):

Reformer catalyticð Þ : CnHm þ 1
2
nO2 ! nCOþ 1

2
mH2 ð10:4Þ

Reformer non� catalyticð Þ : CnHm þ nH2O ! nCOþ nþ 1
2
m

� �
H2 ð10:5Þ

WGS reactor : COþ H2O ! CO2 þ H2 ð10:6Þ
Methanator : COþ 3H2 ! CH4 þ H2O ð10:7Þ

The autothermal reforming (ATR) method combines the exothermic partial
oxidation reaction with the endothermic steam reforming reaction to enhance hydro-
gen production. The reforming and oxidation reactions happen simultaneously in the
ATR reactor (Eq. 10.8) (Nikolaidis and Poullikkas 2017):

CnHm þ 1
2
nH2Oþ 1

4
nO2 ! nCOþ 1

2
nþ 1

2
m

� �
H2 ð10:8Þ

The oxygen-to-fuel ratio and the steam-to-carbon ratio must be carefully con-
trolled in order to control the reaction temperature and product gas composition
while preventing soot formation (Holladay et al. 2009). Using methane (CH4) as the
HC fuel for the ATR process, thermal efficiencies of 60–75% can be achieved, while
the optimum reaction conditions are around 700 �C for a steam-to-carbon ratio of 1.5
and an oxygen-to-carbon ratio of 0.45 where a maximum hydrogen yield of 2.5 can
be achieved (Ersöz 2008; Holladay et al. 2009). This process can be expected to be
favorable with the gas-to-liquid industry because of the desirable gas composition
for the FT process, the lower capital cost, and the potential for economies of scale
(Wilhelm et al. 2001).

The production of hydrogen from the pyrolysis of HC is also another common
process, where the HC is subjected to thermal decomposition to produce hydrogen.
The general reaction follows the route shown below:

Hydrocarbon specices CnHmð Þ ! nCþ 1
2
mH2 ð10:9Þ

The pyrolysis process eliminates the WGS reaction and CO2 separation step, and
as a result, the capital investment of these large-scale plants is lower when compared
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to the steam reforming or partial oxidation methods. This leads to an approximately
25–30% reduction in the hydrogen production cost (Muradov 1993).

Production of Hydrogen from Renewable Resources

Even though HCs are the most common feedstock for hydrogen generation, it is
imperative to investigate renewable and sustainable technologies due to the numer-
ous environmental benefits of doing so. The depletion of fossil fuels and the increase
of GHGs emissions have led to the increase of finding alternative methods to
produce hydrogen. Hydrogen production from biomass and water splitting will be
briefly discussed.

Biomass can undergo thermochemical processes to produce hydrogen; these
processes are mainly pyrolysis and gasification. These processes are environmen-
tally sustainable as they have zero GHG emissions (Fremaux et al. 2015). The
pyrolysis of biomass consists of thermal degradation of the feedstock in the absence
of oxygen under reaction conditions of 650–800 K and 0.1–0.5 MPa, to produce
bio-oil, solid char, and gaseous products. Pyrolysis of biomass can be categorized
further into fast pyrolysis and slow pyrolysis. Slow pyrolysis is often not conducted
because the main product of this process tends to be solid charcoal. In fast pyrolysis,
the biomass feedstock is heated very quickly under anaerobic conditions to produce
a vapor and a dark-brownish bio-oil product. The gaseous products contain H2, CH4,
CO, CO2, and other gases depending on the biomass feedstock used (Jalan and
Srivastava 1999; Ni et al. 2006). Hydrogen can be produced directly using fast or
flash pyrolysis, if high temperatures and a sufficient volatile phase residence time are
given as follows (Ni et al. 2006):

Biomassþ heat ! H2 þ COþ CH4 þ other products ð10:10Þ

The CH4 produced can be further upgraded by SMR to produce additional
hydrogen:

CH4 þ H2O ! COþ 3H2 ð10:11Þ

To enhance the hydrogen production, the WGS reaction can be applied as
follows:

COþ H2O ! CO2 þ H2 ð10:12Þ

Biomass gasification is another thermochemical route for producing hydrogen.
Here, the biomass can be gasified at high temperatures in excess of 1000 K; the
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partial oxidation of biomass will take place to produce gas and solid char. The
charcoal will subsequently be reduced to H2, CO, CO2, and CH4. This can be
expressed as:

Biomassþ heatþ steam ! H2 þ COþ CO2 þ CH4

þ light and heavy hydrocarbonsþ char ð10:13Þ

The gasification of biomass takes place in the presence of oxygen (O2) gas, as
opposed to the pyrolysis of biomass reaction. Furthermore, the main aim of the
gasification process is to produce predominantly gaseous products, and these prod-
ucts can then be further upgraded to produce hydrogen by steam reforming, and the
process can be further improved by using the WGS reaction. Biomass feedstock
which has a moisture content of less than 35% is well suited to the gasification
process (Demirbaş 2002).

In addition to thermochemical processes, biological processes have also been
developed to minimize waste and to enhance environmental sustainability. Majority
of these processes operate at standard conditions, and so they are deemed to be more
environmentally friendly and sustainable. In addition, these processes make use of
renewable energy resources, and they contribute to waste recycling as the feedstocks
they often require are waste materials (Das and Veziroǧlu 2001). The main biolog-
ical processes for hydrogen generation are direct and indirect photolysis, photo- and
dark fermentations, and multistage or sequential dark and photo-fermentation.

10.2.3 Fischer–Tropsch (FT) Synthesis

The FT process converts synthetic gas to HCs. Figure 10.3 shows how the FT
process can be utilized to produce liquid fuels (Hafeez et al. 2018). Essentially,
any carbon source can be used as the feedstock for the FT process to obtain
alternative fuels. The FT process can produce a wide range of products which can
then be upgraded to obtain the desired hydrocarbon fractions. The FT reaction is
highly exothermic and makes use of heterogeneous catalysts with reaction condi-
tions of 300–350 �C and high pressures (Guettel et al. 2008).

Fig. 10.3 Schematic showing how liquid fuels can be obtained via FT synthesis (Hafeez et al.
2018). (Reprinted with permission of Royal Society of Chemistry from Hafeez et al. 2018)
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Current FT operates at low temperature for the production of liquid fuels. The
basic FT reaction produces paraffinic or olefinic chains:

nCOþ 2nþ 1ð ÞH2 ! CnH2nþ2 þ nH2O ð10:14Þ
nCOþ 2nH2 ! CnH2n þ nH2O ð10:15Þ

Equation 10.14 is highly exothermic and has a reaction enthalpy of �150 kJ per
mole of converted CO. The CO product can be converted to CO2 and hydrogen by
the WGS reaction as seen in Eq. 10.12 (Guettel et al. 2008). Typical catalysts used
for the FT process are iron, cobalt, and ruthenium. However, the high cost of
ruthenium means that iron and cobalt are most commonly used. One limitation of
using an iron catalyst is its inhibition by the side product of water. On the contrary,
its activity for the WGS reaction permits the use of CO2-containing gases or
hydrogen exhausted syngas mixtures. Cobalt catalysts are found to have higher
activity and longer catalyst lifetime when compared to iron catalysts. On the other
hand, cobalt tends to be more expensive than iron (Guettel et al. 2008; Van Der Laan
and Beenackers 1999).

10.3 Membrane Reactors Versus Conventional Systems
for Environmental Applications

A membrane reactor can be defined as a device that couples reaction and separation
within one single unit. Due to the significant problems faced with regard to the
separation and purification of fatty acid methyl esters (FAME) from impurities,
novel research into membrane reactors has been conducted in order to circumvent
this costly problem, as well as optimize the production of biodiesel. According to a
research carried out by Cao et al. (2008b) on methanol recycling a membrane reactor
for the production of biodiesel, it was found that using an inorganic membrane in the
membrane reactor could remove the desired constituents during the reaction from the
oil. The addition of a membrane also facilitates an increase in conversion, as the
products permeate through the membrane and can be removed. This shifts the
equilibrium in the forward reaction resulting in a higher yield of FAME while
reducing the amount of undesired side products. In addition, membrane reactors
attain high conversion rates when compared to conventional ones due to the removal
of undesired by-products (Baroutian et al. 2011).

The issue of immiscibility of methanol and oil arises in a conventional reactor as
it leads to limited mass transfer (Dubé et al. 2007). And the two-phase nature of the
mixture between the respective compounds is fundamental for the success of the
membrane reactor. This is because the membrane acts as a barrier allowing methanol
to permeate through while preventing the oil droplets that were emulsified in the
methanol from passing through due to its larger molecular size relative to the pore
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size of the membrane (Baroutian et al. 2011). As a result of this separation via a
membrane, the mass transfer is not limited as was the case with the conventional
reactor.

Using conventional reactors for biodiesel production requires a purification stage
as the biodiesel produced must be of a certain purity. The primary method of
purifying FAME is by water washing the nonpolar phase, which involves the
removal of any residual catalyst and small quantities of glycerol, as well as other
impurities which are soluble in water. However, the nonpolar phase of FAME is not
easily removed from the water layer. Therefore, it requires more expenditure on
separation equipment. This leads to the production of a significant amount of
wastewater that will need further treatment. In contrast, the membrane reactor was
found to have greatly reduced the difficulty in separating and purifying FAME from
impurities, as evidenced by the research of Cao et al. (2008b) showing a drastic
reduction in the amount of water washing to purify FAME (Atadashi et al. 2011).

The use of a membrane reactor is more economically viable than conventional
ones. This is linked to the fact that such processes are intensified by combining the
reaction and separation aspects in one unit. This can allow for the potential reduc-
tions in separation and recycling units, which would result in the process becoming
less energy intensive. Therefore, efficiency increase is also anticipated. Furthermore,
the intrinsic properties of inorganic membranes make them possess a high thermal
threshold. Due to their thermal stability, membrane reactors can be used for reactions
that are highly exothermic (Dubé et al. 2007).

As a result of the biodiesel production process being intensified with the
operation of a catalytic membrane reactor, the energy consumption has been
significantly reduced. An experiment conducted by Dubé et al. (2007) stated that
the highest reported reaction temperature used in the membrane reactor was 70 �C;
in comparison with using a solid basic catalyst or solid acid catalyst for
transesterification, the reaction temperatures are in the ranges of 180–200 �C
(Jitputti et al. 2006; Di Serio et al. 2006) and 200–300 �C (Chen et al. 2007;
Furuta et al. 2004; Jitputti et al. 2006). This shows that less electricity is required to
be generated for energy for the membrane reactor by burning fossil fuels, which is
detrimental to the welfare of the environment. Burning fossil fuels are notorious
for producing undesired particulates into the air, such as carbon dioxide and sulfur
dioxide; these emissions play a direct role in the production of acid rain which go
on to have negative effects on plants and aquatic animals and damage infrastruc-
tures. With the use of membrane reactors, these harmful effects on the environment
are minimized (Kampa and Castanas 2008).

The issue of large amounts of wastewater produced due to the separation and
purification stages is an environmental concern. The increase of wastewater effluents
could potentially lead to an increase in the quantity of chemicals and solvents that are
toxic to the environment (Shuit et al. 2012). However, if 20 million tons per year of
biodiesel is produced (Licht and Agra 2007) with a density of 900 kg/m3 (Knothe
et al. 2005), the amount of wastewater that is produced by conventional separation
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methods would be 59 billion gallons. On the other hand, by using a membrane
reactor, the amount of wastewater will significantly reduce to 12 billion gallons.
Therefore, a membrane reactor could potentially make the purification step and the
water washing procedure redundant as using a catalytically active membrane would
not require water washing for purification. Therefore, the problem of wastewater can
be dealt with. This in turn would drastically decrease the probability of chemicals
and solvents harming the environment, due to the contaminants that come with
wastewater. Furthermore, glycerol removal can be done via the use of a membrane
reactor separating it from the FAME phase during the reaction which makes the
requirement of water washing all the more unnecessary (Shuit et al. 2012).

10.4 Membrane Reactors for Renewable Fuel Production

Typically, a membrane reactor can be classified into four distinct parts. These are the
design of the reactor (e.g., distributor, extractor, or contactor), type of membrane
used (e.g., porous, organic, or inorganic), catalyst presence in the membrane, and
finally, the reaction that is taking place inside the membrane reactor (Mueller et al.
2008). Furthermore, this type of reactor configuration has been proven to enhance
the product yield and selectivity of the reaction (Marcano and Tsotsis 2002).
Figure 10.4 represents a schematic comparing conventional reaction system with a
combined membrane and reactor system (Lipnizki et al. 1999). The main benefit of
using the combined membrane and reactor system is the fact that the capital and
operating costs are significantly reduced because an intermediate separation step is
not required (Marcano and Tsotsis 2002). Membrane technology has recently been
applied to the production of renewable fuels due to its advantages over the conven-
tional reactors.

Fig. 10.4 Schematic
showing a membrane
reactor; (a) a conventional
system; and (b) a combined
membrane reactor system
(Lipnizki et al. 1999).
(Reprinted with permission
of Elsevier from Lipnizki
et al. 1999)
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10.4.1 Membrane Reactors for Biofuels Production

For biodiesel production, the most important role of the membrane is to either
remove the glycerol from the product (Guerreiro et al. 2006; Saleh et al. 2010) or
to preserve the unreacted glycerides in the membrane (Baroutian et al. 2011; Dubé
et al. 2007). The two main methods of producing biodiesel using membrane reactors
is separation by oil droplet size (Cao et al. 2008a, 2008b) and by utilizing catalytic
membranes (Guerreiro et al. 2006, 2010; Shao and Huang 2007). Membrane sepa-
ration based on oil droplet size involves a microporous membrane which is typically
a ceramic or microporous membrane (Fig. 10.5) (Shuit et al. 2012). A study
conducted by Baroutian et al. (2010) has demonstrated this particular separation.
Methanol recovery during the transesterification of palm oil in a ceramic membrane
reactor using TiO2/Al2O3 catalyst was also demonstrated. The methanol molecules
were able to pass through the membrane with the products because of its small
molecular size. It is necessary to recover the methanol as it is one of the most
essential reactants needed for transesterification. The ceramic membrane was there-
fore attached to a simple distillation unit to remove the methanol from the membrane
permeate stream. In a further study conducted by Baroutian et al. (2011), a packed-
bed membrane reactor was used for the production of biodiesel using a potassium
hydroxide catalyst supported on palm shell activated carbon. The results showed that
the highest conversion of palm oil to biodiesel in the reactor was found at 70 �C
utilizing 157.04 g of catalyst per unit volume of the reactor and a cross-flow
circulation velocity of 0.21 cm/s. The biodiesel product obtained was compared
with standard specifications based on the physical and chemical properties. It was
concluded that high-quality palm oil diesel was obtained by using this membrane
reactor configuration.

Dubé et al. (2007) developed a two-phase membrane reactor to produce biodiesel
from canola oil and methanol. The transesterification reaction of canola oil was
achieved via acid or base catalysis. The results showed that increasing the temper-
ature, catalyst concentration and the feed flow rate would significantly increase the
conversion of oil to biodiesel. Furthermore, the two-phase membrane reactor was

Fig. 10.5 Diagram showing how a membrane can remove glycerol from the product stream (Shuit
et al. 2012). (Reprinted with permission of Elsevier from Shuit et al. 2012)
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highly useful in separating the unreacted canola oil from the biodiesel product which
resulted in biodiesel of a high purity and maintained the reaction equilibrium to the
product side.

Cao et al. (2008a) conducted a high-purity fatty acid methyl ester production from
different lipids such as canola, soybean, palm, and yellow grease lipids, combined
with methanol using a membrane reactor. The membrane system consisted of
reaction and separation within one single unit, which allowed a continuous mixing
of the raw materials, and kept a desirable molar ratio of methanol to lipid in the
reaction loop while maintaining two phases during the reaction. The biodiesel was
analyzed using GC, and it was found that the product quality was high. In addition,
the quality of biodiesel was significantly affected by the composition of the fatty
acids in the feedstock. Cao et al. (2008a) further utilized a membrane reactor to
produce a permeate stream which readily phase separates at room temperature into a
fatty acid methyl ester (FAME)-rich nonpolar phase and a methanol- and glycerol-
rich polar phase. The results showed that the highest recycle ratio of 100% produced
a FAME concentration of between 85.7 and 92.4 wt% in the FAME-rich nonpolar
phase. Furthermore, decreasing the methanol/oil ratio to 10:1 in the reaction system
while keeping a FAME production rate of 0.04 kg/min resulted in a FAME product
with a high purity.

Another method of producing biodiesel is by using a catalytic membrane. This
involves a dense nonporous polymer membrane, for example, poly(vinyl alcohol)
(PVA). This type of configuration works based on the interaction between the target
component and the polymer functional groups of the membrane (Shuit et al. 2012).
Guerreiro et al. (2006) investigated the transesterification of soybean oil over
sulfonic acid (functionalized) polymeric membranes using solid catalysts at 60 �C
and atmospheric pressure. The catalytic membrane used for the transesterification
studies was a Nafion one with ion-exchange resins and poly(vinyl alcohol) mem-
branes containing sulfonic groups. The results showed that PVA polymers cross-
linked with sulfosuccinic acid and are more active than the commercial Nafion
membranes used due to the higher content of sulfonic groups. A further study
conducted by Guerreiro et al. (2010) showed that the most desirable results were
obtained with a hydrophilic membrane using solid base catalysts. In addition, the
same sample of the membrane was utilized in seven consecutive runs to assess the
catalyst stability. It was found that these catalysts were most active in the
transesterification of soybean oil with methanol and can also be reused for many
runs without the risk of further reactivation.

Shi et al. (2010) developed a novel organic–inorganic hybrid membrane as a
heterogeneous acid catalyst for biodiesel production prepared from zirconium sulfate
(Zr(SO4)2) and sulfonated poly(vinyl alcohol) (SPVA). It was found that the Zr
(SO4)2 particles were better dispersed in SPVA matrix as a result of the stronger
interaction between Zr(SO4)2 and SPVA compared with Zr(SO4)2/poly(vinyl alco-
hol) (PVA) hybrid membrane. It was found that the conversions of free fatty acid
(FFA) in acidified oil were 94.5% and 81.2% for Zr(SO4)2/SPVA and Zr(SO4)2/
PVA catalytic membranes, respectively. Furthermore, the Zr(SO4)2/SPVA catalytic
membrane has a higher performance to the Zr(SO4)2/PVA catalytic membrane.
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Aca-Aca et al. (2018) conducted a catalytic performance study for biodiesel pro-
duction by a novel catalytically active membrane from polyacrylic acid (PAAc)
cross-linked with 4,40-diamino-2,20-biphenyl sulfonic acid (PAAc-BDSA). It was
found that the methyl ester yield follows the order 90, 92, and 73% for PVA-88-
SSA, PVA-99-SSA, and PAAc-BDSA, respectively. Higher diffusion coefficients
and sorption of methanol and glycerol by PAAc-BDSA membrane make it suitable
to use in membrane reactors for biodiesel production and glycerol separation
simultaneously.

Zhu et al. (2010) prepared poly(styrene sulfonic acid) (PSSA)/poly(vinyl alcohol)
(PVA) blend membranes by solution casting and were employed as heterogeneous
acid catalysts for biodiesel production from acidic oil obtained from waste cooking
oil (WCO). The membranes were annealed at varying temperatures in order to
increase their stability. The results of esterification of acidic oil show that the
conversion was higher with the PVA content in the membrane at a constant PSSA
content. Furthermore, the catalytic membrane thickness had negligible effect on the
conversion at the end. The membrane annealed at 120 �C exhibited superior catalytic
performance among the membranes, with a stable conversion of 80% with the runs.

Catalytic membranes possess the ability to incorporate a catalyst depending on its
formulations and functionality. A membrane without the incorporated catalyst can
also be referred to as a catalytically inertmembrane where the catalyst is added to the
reactants, but not implanted inside the membrane (Buonomenna et al. 2010). The
main catalytically inert membranes found in biodiesel production are the filtanium
ceramic membranes (Cao et al. 2008a, b), Ti/O2/Al2O3 in ceramic membrane
(Baroutian et al. 2010, 2011), and carbon membrane (Dubé et al. 2007) with the
separation principle based on the oil droplet sizes. The pore sizes of these mem-
branes can vary from 0.02 to 0.05 μm (Baroutian et al. 2010). The catalysts used for
the membranes without the incorporated catalyst include sulfuric acid (H2SO4)
(Dubé et al. 2007) and potassium hydroxide/sodium hydroxide solution
(KOH/NaOH) (Baroutian et al. 2010). Firstly, a predetermined quantity of oil and
a homogeneous mixture of methanol/KOH are passed into a mixing vessel for
premixing. The reaction mixture is then heated to the target reaction temperature,
before being passed into the membrane reactor. The permeate stream is comprised of
biodiesel, methanol, glycerol, and catalysts (Baroutian et al. 2010; Dubé et al. 2007).
Oil droplets which have a pore size larger than the membrane pore size (12 μm)
(DeRoussel et al. 2001) are trapped on the retentate side and are subsequently
recycled back to the mixing vessel (Cao et al. 2008b). The permeate stream can be
separated into polar and nonpolar phases. The nonpolar phase is made up of
methanol, trace amounts of diglycerides, and catalysts (Cao et al. 2008a, b). On
the other hand, the polar phase is comprised of glycerol, methanol, catalysts, and
biodiesel (Cao et al. 2008b). It has been observed that this type of catalytic mem-
brane reactor is able to achieve an oil-to-biodiesel conversion of �90% for both
H2SO4 and KOH catalysts (Dubé et al. 2007). In addition, using activated carbon as
a catalyst support resulted in an increase in conversion by 93.5% (Rahimpour 2015).
The methanol that permeates through the membrane is recycled back to the reactor to
lessen the overall methanol-to-oil molar ratio (Cao et al. 2007). Methanol can be
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recycled back to the reactor by distilling the methanol from the nonpolar phase and
direct recycling of the polar phase (Rahimpour 2015).

Baroutian et al. (2011) used a packed-bed membrane reactor, which utilized
activated carbon as the catalyst support to prevent the permeation of catalysts
through the membrane. The catalyst was prepared by adding activated carbon into
a potassium hydroxide (KOH) solution. The mixture was then agitated for a period
of 24 h and a temperature of 25 �C. The catalysts were then packed inside the TiO2/
Al2O3 membrane reactor. It was reported that for this particular configuration, the oil
conversion obtained was higher than that of the membrane reactor with the addition
of H2SO4 or KOH catalysts (Baroutian et al. 2011).

A membrane which incorporates the catalyst has the catalyst immobilized in the
polymeric matrix and is more commonly referred to as a catalytically active mem-
brane. The membrane can be made catalytically active by the heterogenization of the
homogeneous catalysts or the incorporation of heterogeneous catalysts inside the
polymeric matrix. This particular type of membrane combines the reaction and
separation in a single step, which is essentially the same principle of reactive
separation (Buonomenna et al. 2010); thus. the membrane can be regarded as a
separative reactor (Stankiewicz 2003). Until now, poly(vinyl alcohol) (PVA) mem-
branes are the only conveyed polymer membranes that have been used for biodiesel
production (Sarkar et al. 2010). This is due to their high hydrophilicity, good thermal
properties, and good chemical resistance (Guan et al. 2006).

10.4.2 Membrane Reactors for Hydrogen Production

Recently, membrane reactors for hydrogen production have gained increasing atten-
tion due to their superiority over the conventional reaction systems. Typically,
packed-bed membrane reactors (PBMR) have been used for hydrogen production.
However, novel systems such as fluidized-bed membrane reactors (FBMR) and
micro membrane reactors (MMR) have now been employed due to their better
mass and heat transfer (Gallucci et al. 2013).

In a packed-bed membrane reactor, the catalyst is packed in a fixed-bed config-
uration and is in contact with a permselective membrane. The most popular and
widely used configuration is the tubular one, where the catalyst can be packed in the
membrane tube (Fig. 10.6a) or in the shell side (Fig. 10.6b) (Gallucci et al. 2013).
For multi-tubular membrane reactor configurations, packing the catalyst within the
tube is preferred due to construction issues and for bed-to-wall mass and heat
transfer limitations which can have damaging effects if the catalyst is placed within
the shell side. It is common to use a sweep gas in the permeation side of the
membrane to ensure that the permeation hydrogen partial pressure is at the lowest
for minimizing the membrane area needed for hydrogen removal. The use of a sweep
gas in the permeation side can allow the packed-bed membrane reactor to be used in
both cocurrent and countercurrent modes. The countercurrent mode configuration
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can lead to different partial pressure profiles in reaction and permeation sides when
compared to the cocurrent mode (Gallucci et al. 2008).

Gallucci et al. (2008) created a mathematical model for a palladium membrane
reactor packed with a co-based catalyst. The results were obtained for both co- and
countercurrent modes in terms of ethanol conversion and molar fraction versus
temperature, pressure, the molar feed flow rate ratio, and axial coordinate. The
results demonstrated that cocurrent mode membrane reactor configuration generated
higher ethanol conversions as opposed to the countercurrent mode; however, the
countercurrent mode allows a larger amount of hydrogen to be extracted from the
reaction zone. Basile et al. (2008) studied the steam reforming of methanol by using
a dense Pd–Ag membrane reactor and a fixed-bed reactor, and a constant sweep gas
flow rate in countercurrent mode was employed. Both reactors were packed with a
catalyst based on CuOAl2O3ZnOMgO and had an upper temperature limit of around
350 �C. It was found that the catalyst showed high activity and selectivity towards
the CO2 and H2 formation in the range of temperatures used. It was concluded that
the membrane reactor demonstrated higher conversions than the fixed-bed reactor
under the same operating conditions. In addition, at an operating temperature of
300 �C and a H2O/CH3OH molar ratio greater than 5:1, the membrane reactor
achieved a 100% methanol conversion.

The application of a tube in shell configuration is noted to be one of the main
methods of increasing the membrane area in the packed bed (Tosti et al. 2008). This
has been demonstrated by Buxbaum (2002) where the catalyst is loaded in the shell
side of the reactor while the membrane tubes are connected to a collector for the pure
hydrogen. Furthermore, it is possible to use a catalyst in a separate chamber, in

Fig. 10.6 Schematic
showing (a) catalyst packed
in tube and (b) catalyst
packed in shell (Gallucci
et al. 2013). (Reprinted with
permission of Elsevier from
Gallucci et al. 2013)

10 Membrane Reactors for Renewable Fuel Production and Their Environmental Benefits 401



which case the chamber acts as a pre-reforming zone where the largest temperature
profiles are found. This means that the membranes can operate almost isothermally.

Another method of increasing the membrane area per volume of reactor is by
using a hollow fiber configuration. Kleinert et al. (2006) conducted the partial
oxidation of methane for hydrogen production in a hollow fiber membrane reactor.
A phase inversion spinning technique was used to produce the perovskite mem-
branes made from Ba(Co,Fe,Zr)O3-d (BCFZ) powder. The results demonstrated that
a methane conversion and CO selectivity of 82% and 83% were achieved, respec-
tively. Furthermore, the membrane proved to be quite stable under the reaction
conditions used. In addition, Maneerung et al. (2016) used a triple-layer hollow
fiber catalytic membrane reactor (T-HFCMR) consisting of (1) Ni-based catalyst
(outer) layer, (2) porous inorganic support (middle) layer, and (3) ultrathin Pd-based
membrane (inner) layer, for the production of hydrogen. It was observed that the
high hydrogen permeability of the ultrathin Pd-based membrane led to 84% of the
total hydrogen to be separated from the reaction side. Furthermore, the continuous
permeation of hydrogen from the reaction side significantly enhanced the reaction
conversion. Since the membrane is not exposed directly to the external surface,
mechanical damages of the Pd–Ag membrane can be prevented which is beneficial
for practical applications.

A more recent approach to produce hydrogen is using fluidized-bed membrane
reactors. This consists of a bundle of hydrogen-selective membranes, which are
submerged to a catalytic bed and demonstrate a bubble or turbulent flow regime.
Fluidized-bed membrane reactors are found to reduce bed-to-wall mass transfer
limitations but also enable the reactor to function isothermally. This type of config-
uration can be used for performing the autothermal reforming of hydrocarbons to
produce hydrogen.

A fluidized-bed membrane reactor schematic is shown in Fig. 10.7 to produce
hydrogen and methanol (Rahimpour and Bayat 2011). The production of methanol
occurs in the inner tube and provides heat to the endothermic side. The cyclohexane
dehydrogenation to benzene takes place in the second tube which is coated by a Pd–
Ag membrane layer. The hydrogen produced from the dehydrogenation of cyclo-
hexane diffuses into the outer tube/permeation side. The results from this study were
compared to those obtained from a thermally coupled membrane reactor at the same
reaction operating conditions. It was found that the hydrogen recovery yield and
benzene production of the fluidized-bed membrane reactor were 5.6% and 8.52%
greater to that of the thermally coupled membrane reactor. This is due to the low
pressure drop and the negligible mass and heat transfer limitations in the fluidization
process. It was concluded that this membrane reactor configuration is feasible for the
production of pure hydrogen (Rahimpour and Bayat 2011). In addition, Spallina
et al. (2018) utilized Pd-based membranes for the production of pure hydrogen in a
fluidized-bed catalytic reactor for the autothermal reforming of ethanol. It was
concluded that the reactor concept is feasible for the production of hydrogen,
especially because a hydrogen recovery factor of 70% can be achieved.
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Micro membrane reactors have recently been developed for hydrogen production.
This is because membrane microreactors have enhanced mass and heat transfer
(Constantinou et al. 2014) because of the shortened length of the microchannels,
removal of mass transfer limitations (concentration polarization), and heightened
process intensification by integrating various process steps in small-scale process
unit (Gallucci et al. 2013). Mejdell et al. (2009a, b, c) compared the performance of
the same membrane in varying configurations. It was observed that by using the
tubular configuration, the extent of concentration polarization is the limiting step for
hydrogen permeation. On the other hand, the same membrane applied in a
microreactor configuration, the concentration polarization effect can be totally
ignored (Mejdell et al. 2009c). Figure 10.8 shows a depiction of the microchannel
reactor configuration used by Bredesen and coworkers (Mejdell et al. 2009b). The
reactor is comprised of s-shaped microchannels which have a length of 13 mm and a
section of 1 mm � 1 mm. The membranes used are Pd based which have a thickness
of less than 3 μm; this type of membrane configuration is able to tolerate differential
pressures of greater than 470 kPa.

Fig. 10.7 Configuration of a fluidized-bed thermally coupled membrane reactor in cocurrent mode
of operation (Rahimpour and Bayat 2011). (Reprinted with permission of Elsevier from Rahimpour
and Bayat 2011)
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10.4.3 Membrane Reactors for Fischer–Tropsch Synthesis

Recently, membrane reactors for FT synthesis have gained an increasing attention
due to their advantageous properties. Membrane reactors for FT synthesis have the
potential to be used in small or medium plants for future offshore or biomass-to-
liquid applications (Guettel et al. 2008). There are four concepts of using mem-
branes for FT synthesis: distributed feed of reactants, in situ removal of water,
forced-through membrane contactor, and zeolite encapsulated catalysts (Fig. 10.9)
(Rohde et al. 2005b).

A catalytic membrane has the potential to offer a defined reaction zone, while the
reactants are forced through the membrane by means of a pressure gradient. High
gas–liquid mass transfer rates can be observed depending on the properties of the
membrane; this leads to higher volume-specific production rates. In a more recent
concept, the products from the FT process are passed through a catalytic membrane
which results in an altered product distribution. Therefore, the driving forces for
applying membrane technology to FT synthesis are longer catalyst lifetime, higher
product selectivity, and higher specific production rates (Rohde et al. 2005b).

The distributed feed of reactants through a membrane can enable better temper-
ature control, and the selectivity of methane can be affected, by changing the H2/CO
ratio. Since the activity and product selectivity rely heavily on the H2/CO ratio when
using Co-based catalysts, distributed feeding can affect the gas phase composition
positively (Rohde et al. 2005b).

Water is a side product formed during the FT process, and its accumulation in the
gas phase can decrease the partial pressure of the reactants. This particular type of
membrane configuration because high water partial pressures can result in
re-oxidation and shorter catalyst lifetime. It has been observed that water can
adversely affect the reaction rate and can encourage the formation of CO2 by the
WGS reaction. By integrating the in situ removal of water membrane into the FT
process, the rate of reaction can be enhanced and shift the equilibrium in favor of CO

Fig. 10.8 Schematic of the
microreactor configuration
used by Bredesen for the
Pd-based membrane runs
(Mejdell et al. 2009b).
(Reprinted with permission
of Elsevier from Mejdell
et al. 2009b)
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production (Espinoza et al. 2000; Rohde et al. 2005a; Zhu et al. 2005). Espinoza
et al. (2000) conducted a series of permeation experiments with silicalite-1/ZSM-5
and mordenite (on a-Al2O3/stainless steel support) under nonreactive conditions
typical for FT (200–300 �C and 2 MPa). The results showed that mordenite
membranes demonstrated high water fluxes (PH2O ¼ 2 � 10�7 mol/(s Pa m2),
250 �C) and desirable permselectivities. Rohde et al. (2005a) carried out experiments
in a packed-bed reactor with an integrated silica membrane. Although the membrane
was found to show low permselectivities regarding the water under the FT reaction
conditions, the shortcomings of the permselectivities can be overcome by the choice
of H2 and H2/CO2 as the sweep gas. It was concluded that the increase in conversion
of CO2 to long-chain hydrocarbons via the CO2 shift and FT process can be
enhanced by the in situ removal of water, which results in higher product yields.

A study conducted by Khassin et al. (2005) investigated the concept of forced-
through flow membrane for FT synthesis by using thermally conductive contactor
modules (plug-through contactor membrane, PCM). The synthesis gas enters
through the internal void space and then passes through the membrane which has
a thickness of 2.5 mm. In order to improve the thermal conductivity, copper can be
applied during membrane production. It was observed that PCMs can offer lower
pressure drops, high space–time yields at flat temperature profiles, larger reactor
capacities, high gas–liquid mass transfer rates, and low diffusive constraints. Fur-
thermore, Bradford et al. (2005) utilized a monolith loop catalytic membrane reactor
(ML-CMR) concept for Fischer–Tropsch synthesis (FTS) to evaluate the perfor-
mance of a P/Pt–Co/γ-Al2O3catalyst in a prototype, tubular CMR and in a tubular,
fixed-bed reactor. The synthesis gas was fed from the shell side to the alumina carrier
material and passed through the membrane to the catalyst. The membrane allowed
the produced hydrocarbons to be collected from the tube side.

The catalysts used for the FT process can be combined with acidic zeolites, for
example, in physical mixtures or by the dispersion of Co on zeolite. The purpose of
this is to alter the distribution of FT products by the hydrocracking and isomerization
as soon as the products are formed (Rohde et al. 2005b). He et al. (2005) prepared a
catalyst in the form of a capsule by coating a HZSM5 membrane on a preshaped
Co/SiO2 catalyst pellet. The capsule catalyst with HZSM5 membrane displayed
brilliant selectivity for light hydrocarbon synthesis, particularly for isoparaffin

Fig. 10.9 Membrane applications for Fischer–Tropsch synthesis: (a) distributed feed of reactants,
(b) in situ removal of water, (c) forced-through membranes, (d) encapsulated catalysts (Rohde et al.
2005b). (Reprinted with permission of Elsevier from Rohde et al. 2005b)

10 Membrane Reactors for Renewable Fuel Production and Their Environmental Benefits 405



synthesis from syngas (CO + H2). Long-chain hydrocarbon production was totally
repressed by the zeolite membrane. The adjustment of membrane and core catalyst
significantly enhanced the catalytic properties of these novel types of capsule
catalysts.

10.5 Conclusions

The various applications of membrane reactors in biofuels, hydrogen, and the FT
process have been presented in this work. Membrane reactors offer promising
opportunities for process intensification to improve the alternative fuel production
processes. They offer the combination of reaction and separation into one single unit
and so eliminating the need for additional separation and recycling units. As a result,
the fuel production process becomes less energy intensive which makes it greener
and environmentally sustainable, as well as reducing capital costs. Furthermore,
membrane reactors can enhance conversion and selectivity, reduce mass transfer
limitations, and have a greater thermal stability when compared to the conventional
reactors. Membrane reactors have been mainly applied to homogeneous catalytic
transesterification and heterogeneous catalytic transesterification to produce biodie-
sel. Membrane technology can be applied to this process based on the separation of
oil droplet size and based on catalytic membranes. It has also been found that
membranes can be incorporated with catalysts or by using a catalytically inert
membrane for the biodiesel production process. The production of biodiesel by
utilizing a catalytically inert membrane needs further purification because the per-
meate stream comprises of catalysts, glycerol, methanol, and FAME. Therefore, the
membranes with the incorporated catalyst are more desirable for this process as less
separation and purification are required. Recent advances for the hydrogen produc-
tion process highlight the use of packed-bed membrane reactors, fluidized-bed
membrane reactors, membrane microreactors, and membrane bioreactors. Due to
the fact that fluidized membrane reactors are superior to the packed-bed membrane
configuration, this type of reactor is most likely to be applied in industry as well as
the membrane microreactors. The concept of distributed feeding, water removal,
forced-through flow membrane, and encapsulated catalyst have all been applied to
membrane technology for the FT process. The application of forced-through flow
membrane is capable for small-/medium-scale FT reactors. The large reactor capac-
ities, novel concepts for heat removal, and a well-defined and fixed reaction zone
ensure a safe and economically feasible process. The membrane reactors discussed
in this paper can be applied to methane reforming and bioethanol reforming on a
large commercial scale. Future applications of membrane reactors could include
thermochemical treatment, such as pyrolysis of biomass and plastic waste. It can be
incorporated to compliment the processing of plastic waste and biomass. On the
other hand, membrane technology can also be applied to obtain higher-quality
distillates and fuel products from solid waste. This could be achieved by incorpo-
rating the technology downstream of processes aimed at producing gasoline, gas–oil,
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or heavy oil from solid waste thermolysis. In addition, more research could be
performed to analyze the effects of fouling and stability of the membranes, for the
production of renewable fuels. The production and development of novel membrane
materials, and reactor configurations, can potentially result in improvements in
reactor productivity and the economics of the renewable fuel production process.
Furthermore, optimization framework studies that incorporate membrane reactor
technologies are very scant. Such work can be conducted to help understand the
overall yield and process intensification strategies that could take place on industrial
scale. Such mathematical platforms can also aid in conducting economic analysis
that will render membrane technology more viable for the commercial market.

References

Abbaszaadeh A, Ghobadian B, Omidkhah MR, Najafi G (2012) Current biodiesel production
technologies: a comparative review. Energy Convers Manag 63:138–148

Aca-Aca G, Loría-Bastarrachea MI, Ruiz-Treviño FA, Aguilar-Vega M (2018) Transesterification
of soybean oil by PAAc catalytic membrane: sorption properties and reactive performance for
biodiesel production. Renew Energy 116:250–257

Aransiola E, Ojumu T, Oyekola O, Madzimbamuto T, Ikhu-Omoregbe D (2014) A review of
current technology for biodiesel production: state of the art. Biomass Bioenergy 61:276–297

Atadashi I, Aroua M, Aziz AA (2011) Biodiesel separation and purification: a review. Renew
Energy 36(2):437–443

Balthasar W (1984) Hydrogen production and technology: today, tomorrow and beyond. Int J
Hydrog Energy 9(8):649–668

Baroutian S, Aroua MK, Raman AAA, Sulaiman NMN (2010) Methanol recovery during
transesterification of palm oil in a TiO2/Al2O3 membrane reactor: experimental study and
neural network modeling. Sep Purif Technol 76(1):58–63

Baroutian S, Aroua MK, Raman AAA, Sulaiman NM (2011) A packed bed membrane reactor for
production of biodiesel using activated carbon supported catalyst. Bioresour Technol 102
(2):1095–1102

Barreto RA (2018) Fossil fuels, alternative energy and economic growth. Econ Model 75:196–220
Basile A, Parmaliana A, Tosti S, Iulianelli A, Gallucci F, Espro C, Spooren J (2008) Hydrogen

production by methanol steam reforming carried out in membrane reactor on Cu/Zn/Mg-based
catalyst. Catal Today 137(1):17–22

Bing W, Wei M (2019) Recent advances for solid basic catalysts: structure design and catalytic
performance. J Solid State Chem 269:184–194

Bradford MC, Te M, Pollack A (2005) Monolith loop catalytic membrane reactor for Fischer–
Tropsch synthesis. Appl Catal A Gen 283(1–2):39–46

Buonomenna M, Choi S, Drioli E (2010) Catalysis in polymeric membrane reactors: the membrane
role. Asia Pac J Chem Eng 5(1):26–34

Buxbaum RE (2002) U.S. patent no. 6,461,408. U.S. Patent and Trademark Office, Washington,
DC

Cannilla C, Bonura G, Costa F, Frusteri F (2018) Biofuels production by esterification of oleic acid
with ethanol using a membrane assisted reactor in vapour permeation configuration. Appl Catal
A Gen 566:121–129

Cao P, Tremblay AY, Dubé MA, Morse K (2007) Effect of membrane pore size on the performance
of a membrane reactor for biodiesel production. Ind Eng Chem Res 46(1):52–58

10 Membrane Reactors for Renewable Fuel Production and Their Environmental Benefits 407



Cao P, Dubé MA, Tremblay AY (2008a) High-purity fatty acid methyl ester production from
canola, soybean, palm, and yellow grease lipids by means of a membrane reactor. Biomass
Bioenergy 32(11):1028–1036

Cao P, Dubé MA, Tremblay AY (2008b) Methanol recycling in the production of biodiesel in a
membrane reactor. Fuel 87(6):825–833

Cerveró JM, Coca J, Luque S (2008) Production of biodiesel from vegetable oils. Grasas Aceites 59
(1):76–83

Chen H, Peng B, Wang D, Wang J (2007) Biodiesel production by the transesterification of
cottonseed oil by solid acid catalysts. Front Chem Eng China 1(1):11–15

Chen HL, Lee HM, Chen SH, Chao Y, Chang MB (2008) Review of plasma catalysis on
hydrocarbon reforming for hydrogen production—interaction, integration, and prospects.
Appl Catal B Environ 85(1–2):1–9

Constantinou A, Ghiotto F, Lam KF, Gavriilidis A (2014) Stripping of acetone from water with
microfabricated and membrane gas–liquid contactors. Analyst 139(1):266–272

Dalai A, Kulkarni M, Meher L (2006) Biodiesel productions from vegetable oils using heteroge-
neous catalysts and their applications as lubricity additives. In: EIC climate change technology,
2006 IEEE. IEEE, pp 1–8. https://doi.org/10.1109/EICCCC.2006.277228

Das D, Veziroǧlu TN (2001) Hydrogen production by biological processes: a survey of literature.
Int J Hydrog Energy 26(1):13–28

DemirbaşA (2002) Hydrogen production from biomass by the gasification process. Energy Sources
24(1):59–68

DeRoussel P, Khakhar D, Ottino J (2001) Mixing of viscous immiscible liquids. Part 2:
overemulsification—interpretation and use. Chem Eng Sci 56(19):5531–5537

Di Serio M, Ledda M, Cozzolino M, Minutillo G, Tesser R, Santacesaria E (2006)
Transesterification of soybean oil to biodiesel by using heterogeneous basic catalysts. Ind Eng
Chem Res 45(9):3009–3014

Di Serio M, Cozzolino M, Tesser R, Patrono P, Pinzari F, Bonelli B, Santacesaria E (2007) Vanadyl
phosphate catalysts in biodiesel production. Appl Catal A Gen 320:1–7

Dubé M, Tremblay A, Liu J (2007) Biodiesel production using a membrane reactor. Bioresour
Technol 98(3):639–647

Edrisi SA, Abhilash PC (2016) Exploring marginal and degraded lands for biomass and bioenergy
production: an Indian scenario. Renew Sust Energ Rev 54:1537–1551

Enweremadu C, Mbarawa M (2009) Technical aspects of production and analysis of biodiesel from
used cooking oil—a review. Renew Sust Energ Rev 13(9):2205–2224

Ersöz A (2008) Investigation of hydrocarbon reforming processes for micro-cogeneration systems.
Int J Hydrog Energy 33(23):7084–7094

Espinoza R, Du Toit E, Santamaria J, Menendez M, Coronas J, Irusta S (2000) Use of membranes in
Fischer-Tropsch reactors. In: Studies in surface science and catalysis, vol 130. Elsevier, pp
389–394. https://doi.org/10.1016/S0167-2991(00)80988-X

Fremaux S, Beheshti S-M, Ghassemi H, Shahsavan-Markadeh R (2015) An experimental study on
hydrogen-rich gas production via steam gasification of biomass in a research-scale fluidized bed.
Energy Convers Manag 91:427–432

Furuta S, Matsuhashi H, Arata K (2004) Biodiesel fuel production with solid superacid catalysis in
fixed bed reactor under atmospheric pressure. Catal Commun 5(12):721–723

Gallucci F, De Falco M, Tosti S, Marrelli L, Basile A (2008) Co-current and counter-current
configurations for ethanol steam reforming in a dense Pd–Ag membrane reactor. Int J Hydrog
Energy 33(21):6165–6171

Gallucci F, Fernandez E, Corengia P, van Sint Annaland M (2013) Recent advances on membranes
and membrane reactors for hydrogen production. Chem Eng Sci 92:40–66

Goff MJ, Bauer NS, Lopes S, Sutterlin WR, Suppes GJ (2004) Acid-catalyzed alcoholysis of
soybean oil. J Am Oil Chem Soc 81(4):415–420

408 S. Hafeez et al.

https://doi.org/10.1109/EICCCC.2006.277228
https://doi.org/10.1016/S0167-2991(00)80988-X


Guan H-M, Chung T-S, Huang Z, Chng ML, Kulprathipanja S (2006) Poly (vinyl alcohol)
multilayer mixed matrix membranes for the dehydration of ethanol–water mixture. J Membr
Sci 268(2):113–122

Guerreiro L, Castanheiro J, Fonseca I, Martin-Aranda R, Ramos A, Vital J (2006)
Transesterification of soybean oil over sulfonic acid functionalised polymeric membranes.
Catal Today 118(1–2):166–171

Guerreiro L, Pereira P, Fonseca I, Martin-Aranda R, Ramos A, Dias J, Oliveira R, Vital J (2010)
PVA embedded hydrotalcite membranes as basic catalysts for biodiesel synthesis by soybean oil
methanolysis. Catal Today 156(3–4):191–197

Guettel R, Kunz U, Turek T (2008) Reactors for Fischer-Tropsch synthesis. Chem Eng Technol: Ind
Chem-Plant Equip-Process Eng-Biotechnol 31(5):746–754

Gutiérrez-Antonio C, Ornelas MLS, Gómez-Castro FI, Hernández S (2018) Intensification of the
hydrotreating process to produce renewable aviation fuel through reactive distillation. Chem
Eng Process – Process Intensif 124:122–130

Hafeez S, Manos G, Al-Salem SM, Aristodemou E, Constantinou A (2018) Liquid fuel synthesis in
microreactors. React Chem Eng 3(4):414–432. https://doi.org/10.1039/C8RE00040A

He J, Yoneyama Y, Xu B, Nishiyama N, Tsubaki N (2005) Designing a capsule catalyst and its
application for direct synthesis of middle isoparaffins. Langmuir 21(5):1699–1702

Holladay JD, Hu J, King DL, Wang Y (2009) An overview of hydrogen production technologies.
Catal Today 139(4):244–260

Jalan R, Srivastava V (1999) Studies on pyrolysis of a single biomass cylindrical pellet—kinetic
and heat transfer effects. Energy Convers Manag 40(5):467–494

Jitputti J, Kitiyanan B, Rangsunvigit P, Bunyakiat K, Attanatho L, Jenvanitpanjakul P (2006)
Transesterification of crude palm kernel oil and crude coconut oil by different solid catalysts.
Chem Eng J 116(1):61–66

Kampa M, Castanas E (2008) Human health effects of air pollution. Environ Pollut 151(2):362–367
Keskin A, Gürü M, Altiparmak D, Aydin K (2008) Using of cotton oil soapstock biodiesel–diesel

fuel blends as an alternative diesel fuel. Renew Energy 33(4):553–557
Khassin AA, Sipatrov AG, Chermashetseva GK, Yurieva TM, Parmon VN (2005) Fischer–Tropsch

synthesis using plug-through contactor membranes based on permeable composite monoliths.
Selectivity control by porous structure parameters and membrane geometry. Top Catal 32
(1–2):39–46

Kiss AA (2009) Novel process for biodiesel by reactive absorption. Sep Purif Technol 69
(3):280–287

Kiss FE, Jovanović M, Bošković GC (2010) Economic and ecological aspects of biodiesel
production over homogeneous and heterogeneous catalysts. Fuel Process Technol 91
(10):1316–1320

Kleinert A, Feldhoff A, Schiestel T, Caro J (2006) Novel hollow fibre membrane reactor for the
partial oxidation of methane. Catal Today 118(1–2):44–51

Knothe G, Krahl J, Van Gerpen J (2005) The biodiesel handbook. AOCS Press, Champaign, p 2005
Kouzu M, Hidaka J-s (2012) Transesterification of vegetable oil into biodiesel catalyzed by CaO: a

review. Fuel 93:1–12
Licht F, Agra C (2007) World biodiesel markets: the outlook to 2010. Agra Informa Ltd, Kent
Lipnizki F, Field RW, Ten P-K (1999) Pervaporation-based hybrid process: a review of process

design, applications and economics. J Membr Sci 153(2):183–210
Liu X, He H, Wang Y, Zhu S, Piao X (2008) Transesterification of soybean oil to biodiesel using

CaO as a solid base catalyst. Fuel 87(2):216–221
Lotero E, Goodwin JG, Bruce DA, Suwannakarn K, Liu Y, Lopez DE (2006) The catalysis of

biodiesel synthesis. Catalysis 19(1):41–83
Lu G, Da Costa JD, Duke M, Giessler S, Socolow R, Williams R, Kreutz T (2007) Inorganic

membranes for hydrogen production and purification: a critical review and perspective. J
Colloid Interface Sci 314(2):589–603

Ma F, Hanna MA (1999) Biodiesel production: a review. Bioresour Technol 70(1):1–15

10 Membrane Reactors for Renewable Fuel Production and Their Environmental Benefits 409

https://doi.org/10.1039/C8RE00040A


Maneerung T, Hidajat K, Kawi S (2016) Triple-layer catalytic hollow fiber membrane reactor for
hydrogen production. J Membr Sci 514:1–14

Marbán G, Valdés-Solís T (2007) Towards the hydrogen economy? Int J Hydrog Energy 32
(12):1625–1637

Marcano JGS, Tsotsis TT (2002) Catalytic membranes and membrane reactors. Wiley-VCH Verlag
GmbH. https://doi.org/10.1002/3527601988

Meher LC, Kulkarni MG, Dalai AK, Naik SN (2006) Transesterification of karanja (Pongamia
pinnata) oil by solid basic catalysts. Eur J Lipid Sci Technol 108(5):389–397

Mejdell A, Jøndahl M, Peters T, Bredesen R, Venvik H (2009a) Effects of CO and CO2 on
hydrogen permeation through a� 3 μm Pd/Ag 23 wt.% membrane employed in a microchannel
membrane configuration. Sep Purif Technol 68(2):178–184

Mejdell A, Jøndahl M, Peters T, Bredesen R, Venvik H (2009b) Experimental investigation of a
microchannel membrane configuration with a 1.4 μm Pd/Ag23 wt.% membrane—effects of
flow and pressure. J Membr Sci 327(1–2):6–10

Mejdell A, Peters T, Stange M, Venvik H, Bredesen R (2009c) Performance and application of thin
Pd-alloy hydrogen separation membranes in different configurations. J Taiwan Inst Chem Eng
40(3):253–259

Mueller U, Schubert M, Yaghi O, Ertl G, Knözinger H, Schüth F, Weitkamp J (2008) Handbook of
heterogeneous catalysis, vol 1. Wiley-VCH, Weinheim, pp 247–262

Muradov N (1993) How to produce hydrogen from fossil fuels without CO2 emission. Int J Hydrog
Energy 18(3):211–215

Ni M, Leung DY, Leung MK, Sumathy K (2006) An overview of hydrogen production from
biomass. Fuel Process Technol 87(5):461–472

Nikolaidis P, Poullikkas A (2017) A comparative overview of hydrogen production processes.
Renew Sust Energ Rev 67:597–611

Pal P, Kumar R, Ghosh AK (2018) Analysis of process intensification and performance assessment
for fermentative continuous production of bioethanol in a multi-staged membrane-integrated
bioreactor system. Energy Convers Manag 171:371–383

Patil PD, Deng S (2009) Optimization of biodiesel production from edible and non-edible vegetable
oils. Fuel 88(7):1302–1306

Rahimpour M (2015) Membrane reactors for biodiesel production and processing. In: Membrane
reactors for energy applications and basic chemical production. Elsevier, pp 289–312. https://
doi.org/10.1016/C2013-0-16489-6

Rahimpour M, Bayat M (2011) Production of ultrapure hydrogen via utilizing fluidization concept
from coupling of methanol and benzene synthesis in a hydrogen-permselective membrane
reactor. Int J Hydrog Energy 36(11):6616–6627

Ramadhas A, Jayaraj S, Muraleedharan C (2004) Use of vegetable oils as IC engine fuels—a
review. Renew Energy 29(5):727–742

Rohde MP, Unruh D, Schaub G (2005a) Membrane application in Fischer� Tropsch synthesis to
enhance CO2 hydrogenation. Ind Eng Chem Res 44(25):9653–9658

Rohde MP, Unruh D, Schaub G (2005b) Membrane application in Fischer–Tropsch synthesis
reactors—overview of concepts. Catal Today 106(1–4):143–148

Rostrup-Nielsen J (2003) Encyclopedia of catalysis, vol 6. Wiley, New York
Saleh J, Tremblay AY, Dubé MA (2010) Glycerol removal from biodiesel using membrane

separation technology. Fuel 89(9):2260–2266
Sarkar B, Sridhar S, Saravanan K, Kale V (2010) Preparation of fatty acid methyl ester through

temperature gradient driven pervaporation process. Chem Eng J 162(2):609–615
Shao P, Huang R (2007) Polymeric membrane pervaporation. J Membr Sci 287(2):162–179
Sharma Y, Singh B, Upadhyay S (2009) Response to the comments on “Advancements in

development and characterization of biodiesel: A review”. Sharma YC, Singh B, Upadhyay
SN. Fuel 2008; 87: 2355–73 by Clifford Jones. Fuel 4(88):768–769

Shi W, He B, Ding J, Li J, Yan F, Liang X (2010) Preparation and characterization of the organic–
inorganic hybrid membrane for biodiesel production. Bioresour Technol 101(5):1501–1505

410 S. Hafeez et al.

https://doi.org/10.1002/3527601988
https://doi.org/10.1016/C2013-0-16489-6
https://doi.org/10.1016/C2013-0-16489-6


Shuit SH, Ong YT, Lee KT, Subhash B, Tan SH (2012) Membrane technology as a promising
alternative in biodiesel production: a review. Biotechnol Adv 30(6):1364–1380

Singh AK, Fernando SD (2007) Reaction kinetics of soybean oil transesterification using hetero-
geneous metal oxide catalysts. Chem Eng Technol: Ind Chem-Plant Equip-Process Engi-
Biotechnol 30(12):1716–1720

Spallina V, Matturro G, Ruocco C, Meloni E, Palma V, Fernandez E, Melendez J, Tanaka AP, Sole
JV, van Sint AM (2018) Direct route from ethanol to pure hydrogen through autothermal
reforming in a membrane reactor: experimental demonstration, reactor modelling and design.
Energy 143:666–681

Stankiewicz A (2003) Reactive separations for process intensification: an industrial perspective.
Chem Eng Process Process Intensif 42(3):137–144

Steinberg M, Cheng HC (1989) Modern and prospective technologies for hydrogen production
from fossil fuels. Int J Hydrog Energy 14(11):797–820

Tian Y, Demirel SE, Hasan MMF, Pistikopoulos EN (2018) An overview of process systems
engineering approaches for process intensification: state of the art. Chem Eng Process Process
Intensif 133:160–210

Tosti S, Basile A, Bettinali L, Borgognoni F, Gallucci F, Rizzello C (2008) Design and process
study of Pd membrane reactors. Int J Hydrog Energy 33(19):5098–5105

Van Der Laan GP, Beenackers A (1999) Kinetics and selectivity of the Fischer–Tropsch synthesis:
a literature review. Catal Rev 41(3–4):255–318

Wang L, Yang J (2007) Transesterification of soybean oil with nano-MgO or not in supercritical
and subcritical methanol. Fuel 86(3):328–333

Wang Y, Wang X, Liu Y, Ou S, Tan Y, Tang S (2009) Refining of biodiesel by ceramic membrane
separation. Fuel Process Technol 90(3):422–427

Wen M, Mori K, Kuwahara Y, An T, Yamashita H (2018) Design and architecture of metal organic
frameworks for visible light enhanced hydrogen production. Appl Catal B Environ
218:555–569

Wilhelm D, Simbeck D, Karp A, Dickenson R (2001) Syngas production for gas-to-liquids
applications: technologies, issues and outlook. Fuel Process Technol 71(1–3):139–148

Yusuf N, Kamarudin SK, Yaakub Z (2011) Overview on the current trends in biodiesel production.
Energy Convers Manag 52(7):2741–2751

Zhang G, Jin W, Xu N (2018) Design and fabrication of ceramic catalytic Membrane Reactors for
green chemical engineering applications. Engineering 4(6):848–860

Zhu W, Gora L, Van den Berg A, Kapteijn F, Jansen J, Moulijn J (2005) Water vapour separation
from permanent gases by a zeolite-4A membrane. J Membr Sci 253(1–2):57–66

Zhu M, He B, Shi W, Feng Y, Ding J, Li J, Zeng F (2010) Preparation and characterization of
PSSA/PVA catalytic membrane for biodiesel production. Fuel 89(9):2299–2304

10 Membrane Reactors for Renewable Fuel Production and Their Environmental Benefits 411



Chapter 11
Waste Management and Conversion to Pure
Hydrogen by Application of Membrane
Reactor Technology

Majid Saidi, Mohammad Hossein Gohari, and Ali Talesh Ramezani

Contents

11.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 414
11.1.1 Waste Types . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 416

11.2 Waste Conversion and Management . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 419
11.2.1 Landfilling . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 420
11.2.2 Pyrolysis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 420
11.2.3 Incineration . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 422
11.2.4 Anaerobic Digestion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 424

11.3 Membrane Reactor Technology . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 425
11.4 Waste Gasification . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 431

11.4.1 Waste Steam Gasification . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 436
11.4.2 Waste Oxygen and Air Gasification . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 436
11.4.3 Plasma Gasification . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 437
11.4.4 Waste to Syngas . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 437
11.4.5 Syngas to Pure Hydrogen . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 439

11.5 Waste Impurities Removal . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 441
11.5.1 Siloxanes Removal . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 441
11.5.2 Hydrogen Sulfide Removal . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 441

11.6 Economic and Environmental Investigation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 442
11.6.1 Economic Investigation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 442
11.6.2 Environmental Investigation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 443

11.7 Perspective . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 443
11.8 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 445
References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 445

Abstract Waste conversion has an essential role in the development of
environmental-friendly methods to obtain efficient and clean energy. Due to increas-
ing rate of waste production, waste management policy has become a very crucial
issue in recent years. The main aim of the waste management is the increase of
material and energy recovery from waste, which can reduce the landfill disposal and
minimize the environmental impact. These goals can be achieved by developing and
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applying novel technologies such as membrane technology for waste recovery.
Membrane technology is introduced as an applicable method for waste conversion
to pure hydrogen which can be integrated with a high efficiency energy conversion
system. In this study, different waste conversion techniques such as incineration,
pyrolysis, gasification, and anaerobic digestion are reviewed, with focus on waste
gasification to produce syngas and subsequently pure hydrogen production using
membrane reactor. The potential and suitability of these configurations are
discussed. Considering the related previous researches indicated that the membrane
technology is a viable candidate for combined energy and material valorization.
Finally, the continued advances that are being made in waste conversion, membrane
durability, process control, and process efficiency of membrane reactor are expected
to improve the commercial viability of waste conversion technologies to pure
hydrogen, in the future.

Graphical Abstract

Keywords Waste management · Gasification · Membrane reactor · Hydrogen ·
Syngas

11.1 Introduction

Due to strict environmental regulations, efforts to replace fossil fuels with more
environmental-friendly fuels have been raised (Sánchez et al. 2014); effective
utilization of waste can be taken into account to meet environmental regulation
goals (Nishioka et al. 2007). To meet these goals, producing hydrogen as a green fuel
from different sources is a matter of debate these days. Hydrogen can be used both as
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energy carrier and energy storage mean (Dincer 2011). The concept of using
hydrogen to decrease greenhouse gas emission is growing slowly because of hydro-
gen gas unavailability and obstacles in its production, storage, and utilization
technology (Chen et al. 2017b). The importance of replacing fossil fuels with
hydrogen will be significantly notable, if hydrogen is obtained from waste.

Significant amount of waste is produced in large industrialized countries. About
2600 Mton (106 metric ton) of waste was made in the EU27 in 2008 (Van Caneghem
et al. 2012). Waste can be defined differently depending on the regions. For example,
Wen et al. (2014) classified waste in China as substances in solid, semi-solid, or
gaseous state in containers that are the result of production, living, and other
activities. Indeed, wastes have lost their original use though have not lost use values;
these substances are included into the management of solid wastes upon the strength
of administrative regulations (Wen et al. 2014). While Thürer et al. (2017),
mentioned the definition of waste as the result of misusing something valuable that
occurs because too much of it being used or because it is being used in a way that is
not necessary or effective; an action or use that results in the unnecessary loss of
something valuable; a situation in which something valuable is not being used or is
being used in a way that is not appropriate or effective. Waste has different forms and
can be divided in a variety of types based on waste sources notably including
municipal waste, industrial waste, and special hazardous waste. However, it should
be noted that the waste types mentioned above are not exclusive and they may have
slight overlap with each other.

Waste management policies are based on dealing with waste in a manner that is
less harmful to the environment. Decreasing waste quantity, reusing materials,
recycling them, incinerating to gain energy, and at last landfilling wastes are the
ways to treat waste. The last two policies are not considered environmental friendly
and have some disadvantages. Incineration is a process of burning waste through a
controlled way in an aerobic condition at high temperature (above 800 �C). High
emission of greenhouse gases and high operating cost are considered as major
disadvantages of incineration method, while cost of waste transportation to the
landfilling area and polluting the soil are related to landfilling method.

There are two processes to convert waste to energy including biological and
thermochemical processes. Biological processes include fermentation, while ther-
mochemical processes can be divided into pyrolysis, combustion, and gasification
(Widjaya et al. 2018). Among thermochemical processes, gasification process is
investigated in this review article as an effective thermochemical process. To obtain
high-purity hydrogen via gasification, separation and purification are inevitable.
Indeed, separation process is a critical step to reach pure hydrogen, because carbon
dioxide and carbon monoxide are produced through synthesis gas (syngas) forma-
tion process, water–gas shift reactions or obtained as the products of steam
reforming (Sánchez et al. 2014). Among different separation methods, membrane
technology is introduced as an applicable, efficient technology to produce pure
hydrogen.
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11.1.1 Waste Types

As discussed above, waste can be categorized into three main classes, including
municipal waste, industrial waste, and special hazardous waste.

Municipal Wastes

Municipal waste can be classified into household waste, commercial waste (related
to waste produced in trade, business, etc.), and demolition waste (produced by
destruction of roads, buildings, etc.). Agricultural waste (animal waste, slaughtering
waste and etc.) may also be inserted into this category. Municipal waste or to be
more specific municipal solid waste (MSW) can be defined as substances that seem
to have no usage and discarded in urban and suburban zones. In Europe, municipal
solid waste only corresponds to about 10% of the total waste generated (Van
Caneghem et al. 2012). In the United States, municipal solid waste generation was
about 351 Mton in 2008 (Van Caneghem et al. 2012). Figure 11.1 represents MSW
generation rates from 1960 until 2015 in the United States (EPA 2015). Character-
istics of some common municipal solid wastes are represented in Table 11.1 (Jocelyn
et al. 2014; Muhammad et al. 2016). About 254 million tons municipal solid waste
were generated in 2013, among which about 34% was recycled according to US
Environmental Protection Agency (US EPA) (Chen et al. 2016).

Municipal solid waste generation is predicted to reach 2.2 billion tons/year in
2025 (Beyene et al. 2018). In developing nations, the total municipal solid waste
generation rate will also grow rapidly in the coming years (Beyene et al. 2018).
According to Intergovernmental Panel on Climate Change (IPCC), municipal solid
waste is composed of food waste (25–70%), plastic, metal, glass, textiles, wood,
rubber, leather, paper, biomass, fossil fuel derivatives, and others (Beyene et al.
2018). The composition of MSW differs with the topographical site, life smartness,

Fig. 11.1 MSW generation rates from 1960 until 2015 in the United States (EPA 2015)
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the standard of living, the population of city, etc. (Beyene et al. 2018). Both
inorganic and organic matters are found in municipal solid waste, and by applying
proper technologies and methods (waste-to-energy processes), the energy within
their organic matter can be liberated. Besides this energy acquirement, there are
other benefits that can be achieved by this conversion including (Patil et al. 2014):
• Reduction in environmental pollution
• Reduction of municipal solid waste quantity up to 90% (depending on waste

composition and the technology applied)
• Reduction in waste transportation and management cost to landfilling area
• Less area requirement for landfilling

Industrial Wastes

Industrial waste is produced and discarded in any factories and industries. This type
of waste generators may be categorized into chemical manufacturers (reactive
waste), petroleum refining manufacturing (sludge and exhausted gases from refining
process), etc. (EPA 1986). Annual worldwide production of municipal solid waste
ranges from 350 to 1200 kg MSW/capita in high-income countries, from 250 to
550 kg MSW/capita in medium-income countries and from 150 to 250 kg/capita/
year in low-income countries (Van Caneghem et al. 2012).

Special Hazardous Waste

This type may include biomedical waste, electronic waste (E-waste), explosive
waste (from explosive compounds that should be destructed, not disposed), and
radioactive waste (generally a nuclear power generation by-product). Biomedical
waste is recognized as a hazardous type which may include clinical (medical) waste.
World Health Organization (WHO) defined medical waste as “generated waste in the
diagnosis, treatment or immunization of human beings or animals.” Inefficiency in
medical waste sorting is due to insufficient information on guidance as to which
objects are classed as infectious (Windfeld and Brooks 2015). At the present time,
there are some ways to treat this type of waste such as incineration (between 49%
and 60%), autoclaving (between 20% and 37%), and other technologies (between
4% and 5%) (Weber and Rutala 2001). Incineration disadvantages were discussed
before, while autoclaving is a process whereby dry heat or steam is added to the
wastes to increase the temperature to an extent in which pathogens are killed (Lee
et al. 2004).

E-waste is generally referred to equipment that once has used electricity and now
is discarded (by any reason). Computers, cellphones, and televisions are examples of
this category. Waste Electrical and Electronic Equipment (WEEE) refers to
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traditionally non-electronic devices like refrigerators and ovens. With the advent of
smart devices, electronic boards are used in both electronic and traditional electrical
devices. The distinction between e-waste and WEEE is less sharp as the result
(Robinson 2009). Reusing, remanufacturing, recycling, landfilling, and incineration
are the options available for e-waste treatment.

11.2 Waste Conversion and Management

Waste-to-energy technology can be divided into two treatment methods, thermal
treatment (incineration, gasification, pyrolysis) and the biological treatment (anaer-
obic digestion, composting) (Maisarah et al. 2018). The main final method to get rid
of waste in most countries is controlled and uncontrolled landfill of waste. According
to Van Caneghem et al., until 2012, 69% of the municipal solid waste is landfilled,
24% is recycled and composted, and 7% is incinerated in the United States (Van
Caneghem et al. 2012). Also according to Chen et al., in 2013, 134.3 million tons of
municipal solid waste went to landfills, and 32.7 million tons were combusted for
energy recovery worldwide (Chen et al. 2016). Japan is ranked first in using thermal
waste treatment in the world (40 Mton/year) (Van Caneghem et al. 2012). Municipal
solid waste treatment methods and their distributions in some European countries are
reported in Fig. 11.2 (Van Caneghem et al. 2012).

Fig. 11.2 Municipal solid waste treatment methods and their distributions in some European
countries (Van Caneghem et al. 2012)
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11.2.1 Landfilling

Landfilling is a traditional approach to get rid of bio-waste. Landfilling is the most
common municipal solid waste disposal method worldwide probably because it is
the most economical option and does not require skilled operators (Gerçel 2011). As
a result, it is especially suitable for developing countries where low capital and
maintenance cost depression or closed mining sites are commonly used for landfills
(Daskalopoulos et al. 1998). The third largest source of methane emissions in the
United States is landfill. It has huge influence on global warming (EPA 2013).In the
United States, modern landfills are well-engineered facilities. These modern landfills
are designed, operated, and monitored in acquiescence with federal regulations.
Potentially harmful landfill gases (LFG) are collected in some of these new landfills
and are then converted into energy. Although landfilling is a low-cost method, it is
potentially a serious threat to the environment. Landfilling is a process in which
waste is transferred from one place to landfilling area, rather than be used as an
energy resource. The biodegradable content in waste is gradually biodegraded in the
landfills, resulting in liquid leachate and landfill gas. The main disadvantage of
landfilling is that liquid leachate causes pollution of groundwater and landfill gases
composed largely of methane and carbon dioxide result in greenhouse effect. The
number of US landfills has declined consistently, which may be due to the strict EPA
regulations regarding waste landfills. In the United States, governments are deter-
mined to reduce the generation and increase recycling of waste. Attempt to generate
electricity from landfill leachate by using microbial fuel cells has also been reported
by Damiano et al. (2014).

11.2.2 Pyrolysis

The term “pyrolysis” is derived from the Greek word “pyro” (fire) and “lysis”
(break/decomposition) (Bukkarapu et al. 2018). Pyrolysis is a thermal process for
converting waste to energy. It is an endothermic reaction that breakdowns the long
chain of polymer molecules into smaller, less complex molecules at temperatures
higher than 400 �C in the absence of oxygen (Lombardi et al. 2015). There are
several reviews on characterization and development of pyrolysis process in many
aspects, for example, in terms of product characterization and reactor improvement
(Sannita et al. 2012; Williams 2013; Yang et al. 2013); in terms of oil characteriza-
tion and enhancement and oil production operating conditions (Quek and
Balasubramanian 2013); parameters affecting pyrolysis process and its products
(Martínez et al. 2013); and the kinetics modelling of the pyrolysis process or
mechanism investigation of the process (Al-Salem et al. 2010; Quek and
Balasubramanian 2012). The feedstock, temperature range, heating rate, and type
of reactor used affect the pyrolysis products yield and composition of waste (Beyene
et al. 2018). For example, as the pyrolysis temperature varies, change in product
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spreading pattern occurs. Lower pyrolysis temperatures usually produce more liquid
products, and higher pyrolysis temperatures usually produce more gaseous products.
When converting waste into energy using pyrolysis process, there are disadvantages
including air pollution due to exhaust gas emission such as HCl, H2S, NH3, SOx,
NOx, and odor impacts (Beyene et al. 2018). Pyrolysis process can be generally
classified into slow (550–900 K), fast (850–1250 K), and flash (1050–1300 K)
pyrolysis (Beyene et al. 2018; Chen et al. 2016). The main products of pyrolysis
are oil, gas, and char, which are valuable for the production and refineries of the
industries (Arena et al. 2010). Reactions in a pyrolysis process can be expressed as
(Chen et al. 2015):

CxHyOz þ Heat ! Char þ Liquidþ GasþWater ð11:1Þ

A schematic representation of waste pyrolysis process is shown in Fig. 11.3
(Beyene et al. 2018) and operating parameters of the pyrolysis process are reported
in Table 11.2 (Ruiz et al. 2013).

Sharuddin et al. reported that pyrolysis is a flexible process (Sharuddin et al.
2016). It is due to the fact that process parameters can be manipulated to optimize the
product yield (Sharuddin et al. 2016). Producing high amount of liquid oil up to 80%
wt at temperatures around 500 �C was the reason that this process is chosen by many
researchers (FakhrHoseini and Dastanian 2013). The liquid oil produced can be used
for different purposes, e.g., for boiler, furnace, turbines, and diesel engine without
upgrading (Sharuddin et al. 2016). The pyrolytic gases produce different hydrocar-
bons: straight, branched, cyclic aliphatic, and cyclic aromatic (Bukkarapu et al.
2018). There are two main sections in pyrolysis process of biomass, the furnace/
reactor and the condensing system. The furnace/reactor converts biomass to vapor,
non-condensable gas, and char (Bamdad and Hawboldt 2016; Bamdad et al. 2017;
Demirbas 2007; Papari and Hawboldt 2015, 2017; Pütün et al. 2005). The common
pyrolysis reactors are fixed-bed, rotary kiln, fluidized-bed, and tubular reactors but at

Fig. 11.3 A schematic representation of waste pyrolysis process (Beyene et al. 2018)
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large-scale rotary kilns and tubular reactors are conveniences (Beyene et al. 2018).
Condensing system recovers condensable gases (Papari and Hawboldt 2018). Crack-
ing is a phenomenon that occurs during pyrolysis producing hydrocarbons of shorter
chain lengths from longer ones. Four types of cracking are thermal cracking,
catalytic cracking, steam cracking, and hydrocracking (Bukkarapu et al. 2018).

A cleaner way of obtaining energy can be accomplished in a pyrolysis-involved
process compared to conventional municipal solid waste incineration plants because
lower amounts of nitrogen oxides (NOx) and sulfur oxides (SO2) are produced as the
result of the inert atmosphere in the pyrolysis processes. Another advantage is the
opportunity to wash syngas before its combustion. Besides reduced gas emissions,
higher quality of solid residues can be also obtained from pyrolysis-involved process
for municipal solid waste (Saffarzadeh et al. 2006).

11.2.3 Incineration

Incineration is a process that includes the combustion and conversion of waste
materials that can produce heat and energy at a temperature about 800 �C. Baran
et al. reported that energy generation by incineration is environmentally sustainable
waste management process (Baran et al. 2016). However, Yay (2015) reported that
incineration is not always sustainable because of high operating cost of the process
and high cost of maintenance. The notion of dealing with rising volumes of waste by
incineration and recovering the energy available in the substances of waste streams
was emerged during last quarter of the nineteenth century (Makarichi et al. 2018).
Historically, the first municipal solid waste incinerator in the United Kingdom was
built in 1870 (Lu et al. 2017). The same incinerator (without energy recovery) was
built in 1885 in New York City (Makarichi et al. 2018). Incineration with heat
recovery was built before the twentieth century in Europe. In the United States,
incineration with heat recovery was not built until halfway through the twentieth

Table 11.2 Operating parameters of the pyrolysis process

Pyrolysis
Rate of heating
(K.s�1)

Time of
residence (s)

Temperature
(�C)

Size of particles
(mm)

Main
products

Slow < 1 300–1800 400 5–50 Char

600 Gas, oil, and
char

Fast 500–105 0.5–5 500–650 < 1 70% oil

15% char

15% gas

Flash > 105 < 1 < 650 < 0.2 Oil

< 1 > 650 Gas

< 0.5 1000 Gas
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century. Rise in oil prices was a driving force to use heat from the incinerators to
produce steam and therefore electricity (Makarichi et al. 2018).

Until 2018, there are about 1179 municipal solid waste incineration plants around
the world. The total capacity is more than excess of 700,000 metric tons per day
(Lombardi et al. 2015). Incineration is used in different countries like 74% of
municipal solid waste generated in Japan and 54% in Denmark, and 50% of
Switzerland and Sweden are being treated using this method (Psomopoulos et al.
2009).

In the incinerator, the waste is combusted and the heat is used to generate high-
pressure steam. The steam is then expanded in a turbine coupled to a generator, and
electricity is produced as the result. Gases containing pollutants like sulfur oxides
and nitrogen oxides are treated in scrubbers and finally liberated into the atmosphere
(Liu et al. 2015). The ash produced as the result of combustion (about 15–25% by
weight of the municipal solid waste) is sent to landfills (Chen et al. 2016).

Incineration reduces the volume of municipal solid waste by 90% and the weight
by 70%. Incineration causes less pollution to the groundwater or the air than
landfills. For high calorific value waste, incineration is fruitful; it can be located
within city, while for landfilling it is not possible. It has lower transportation costs
compared to landfilling and is operated as continuous process (Jha et al. 2011).
Large-scale incinerators include the municipal waste combustors (MWC), medical
waste combustors (MWI), hazardous waste incinerators (HWI), boiler and industrial
furnaces (BIF), cement kiln (CK), and biomass combustor (BC) (Arena 2012).
Bubbling, circulating, and rotating fluidized beds have been applied growingly
within incineration method (Van Caneghem et al. 2012). Thermal, kinetic, and
hydrodynamic considerations are needed in designing of a fluidized bed waste
incinerator (Van Caneghem et al. 2012). While municipal solid waste is suitable
for incineration with energy recovery due to its 70% combustible organic contents,
industrial waste mostly includes inorganic contents that makes recycling and
landfilling more fruitful options compared to incineration (Van Caneghem et al.
2012). Mass-burn incineration is the most common applied technology in incinera-
tion. Municipal solid waste combustion with little or no separation or pre-screening
is carried out (Van Caneghem et al. 2012). Combustion can be done in a grate
furnace incinerator, rotary kiln, or a fluidized bed incinerator. Three types of
fluidized bed reactors are used for waste incineration: the traditional bubbling
fluidized bed (BFBC), the rotating fluidized bed (RFBC), and the (external) circu-
lating fluidized bed (CFBC).

Yet, these two approaches suffer from two disadvantages, landfilling release
organic and nitrogen-containing compounds, which pollute aquifers (Bove et al.
2015; Lema et al. 1988), though it is a cheap approach to get biogas. In terms of
incineration, this method associates with high operational costs (Patil et al. 2014)
and produces ash as a by-product which has high concentration of toxic metal (Gao
et al. 2015).

In contrast with the old approaches to handle bio-waste, gasification has some
benefits including reliability in method to treat bio-waste, flexibility and adoptability
to different types of waste (Heidenreich and Foscolo 2015), greenhouse gas
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emissions decrease, and energy security enhancement (Watson et al. 2018).
According to Widjaya et al., non-woody biomass, having a lower lignin content
than woody materials, is a common waste material found in agricultural processing
plants and fields (Widjaya et al. 2018). Appropriate pretreatments are crucial before
gasification of non-woody biomass, because of its heterogeneous nature.

In biochemical waste conversion processes, microorganisms such as bacteria and
enzymes are used to decompose biomass. Biochemical waste conversion is an
outstanding and environmental-friendly method for gaining energy from waste.
The commonly applied biochemical methods that use microorganisms for
converting waste to energy are anaerobic digestion and fermentation (Eddine and
Salah 2012).

11.2.4 Anaerobic Digestion

Anaerobic digestion (AD) is considered as a biological method that decays organic
matter in the absence of oxygen to produce biogas mainly containing methane and
carbon dioxide. In these days, feedstock may contain bio-solids, livestock manure,
and wet organic materials and municipal solid waste (Rogoff and Screve 2011; Thi
Phuong et al. 2014). Anaerobic digestion process may have three common steps. The
first step is the decomposition of waste by bacteria; subsequently, the complex
organic species is converted to simple soluble substances such as amino acids,
monosaccharides, and fatty acids. The second step is the generation of materials
such as volatile fatty acids (VFA), H2, and CO2. Conversion of organic acid to CH4

by methanogenesis is the third step of anaerobic digestion. Figure 11.4 represents a
schematic diagram of digestive conversion.

Biogas produced from anaerobic digestion may be used in solid oxide fuel cells,
gas turbines, and gas engines or even can be modified to produce chemicals (Lee
2017). Anaerobic digestion of sewage sludge has been investigated by many

Fig. 11.4 A schematic diagram of digestive conversion (Beyene et al. 2018)
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researchers (Wang et al. 2018) (Safari and Dincer 2019). In anaerobic digestion of
sewage sludge, low portion of dry matter is the main source in biogas production
since sewage sludge has a high portion of water (almost 95 wt%). The digestion
process generates biogas and digestate as the main products. CO2 and CH4 are
usually the major gases found in biogas. The digestate may be used for agricultural
purposes or gas production via gasification (Safari and Dincer 2019). Recently
coproduction of biohydrogen and bio-methane via anaerobic digestion process was
reported by Qin et al. (Qin et al. 2019). Anaerobic co-digestion of paper waste or
municipal solid waste containing paper waste with sewage sludge, manure, etc. has
also been reported (Hartmann and Ahring 2005) (Li et al. 2018). Anaerobic gasifi-
cation is the prior method to recover bioenergy in paper waste because moisture
content of food waste makes direct incineration inappropriate for paper waste
(Gonzalez-Estrella et al. 2017). Recently, biogas production from food waste via
anaerobic digestion with wood chips was investigated by Oh et al. (2018). They
found that utilization of wood chips can enhance the yield of methane production by
640% via anaerobic digestion of food waste. They concluded that the optimal ratio of
food waste to the wood chips (w/w) is 0.5.

11.3 Membrane Reactor Technology

The most common conventional technologies for hydrogen separation from streams
include chemical absorption (e.g., CO2 removal by amine solvents), pressure swing
adsorption (PSA), and membrane technology (without using an integrated mem-
brane reactor). Absorption of carbon dioxide onto different amine-based solvents is
carried out at large scales. CO2 capture in flue gas using hollow fiber membrane is
reviewed by Zhang et al. (Zhang et al. 2014, 2018b). The main disadvantages of this
method are related to solvent recovery and operating cost. It is necessary to mention
that CO2 removal using chemical solvents does not lead to a high-purity hydrogen
production (Jordal et al. 2015). Pressure swing adsorption is used to exclude desired
gas species from gas mixtures under pressure at near-ambient temperatures. Indus-
trial application of pressure swing adsorption started in the 1970s (Barelli et al.
2008). This technology is used for removal of carbon dioxide in large-scale hydro-
gen production.

Membrane reactor is an efficient technology where the fuel conversion reaction,
mostly over a catalytic, fluidized, or packed bed, is accomplished and product
separation is performed at the same time (Saidi 2017, 2018; Saidi and Jahangiri
2018). This technology has been applied for reactions limited by thermodynamic
equilibria. The selective permeability of membranes shifts the equilibrium towards
the products. Traditional technologies were limited by thermodynamic barriers,
while this technology coped with these barriers successfully (Gallucci et al. 2017).
So producing high-purity hydrogen via membrane reactors has been dramatically
ascended. Figure 11.5 represents number of researches done on membrane reactors
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per year, and Fig. 11.6 represents pioneer countries of doing researches on mem-
brane reactors.

Palladium and palladium alloy membranes are considered as a promising tech-
nology for hydrogen separation (Sánchez et al. 2014). In 1866, the first investigation
of hydrogen absorption and diffusion through Pd membranes was reported by
Graham (1866) and the comprehensive concept of membrane reactors (MRs) was
introduced in the 1950s (Iulianelli et al. 2014). In EU FP6 project CACHET,
integrated Pd alloy membrane reactors were investigated for power production
(Beavis 2011). Contrary to pressure swing adsorption systems, palladium-based
membranes can operate at high temperatures (around 573 K compared to near-

Fig. 11.5 Number of researches done on membrane reactors per year

Fig. 11.6 Pioneer countries of doing researches on membrane reactors
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ambient temperatures in pressure swing adsorption). They also have the ability to
keep hydrogen at high pressures, hence saving operating costs for compression
(Anderson et al. 2009). In fact, membrane reactors integrate two unit operations,
that is, hydrogen production and separation processes, in only one unit. It has not
only economic advantages over conventional methods but also avoids application of
further hydrogen separation systems (Drioli et al. 2003). Membranes can be com-
bined with catalysts to be utilized the equilibrium-limited reactions and hydrogen
separation in a catalytic membrane reactor (CMR) which leads to a compact, high-
efficient integrated system (Basile et al. 2008; Ma 2007). Among different types of
palladium-based membrane reactors, dense metal palladium-based membranes are
used in reactors for water–gas shift and reforming reactions to produce high-purity
hydrogen via different feedstock such as flare gas, waste gasification products,
alcohols, etc. (Basile et al. 2001; Lin et al. 2003; Saidi 2018; Shu et al. 1994;
Tong et al. 2005a).

Membrane reactors are used to produce hydrogen for different purposes such as
fuel cells. Yet, there are several problems that restrict utilization of this method to
produce hydrogen in large scale. Industrial scale production of hydrogen (more than
80%) is still via reforming of natural gas due to incomplete development of mem-
brane reactors for high temperature applications and also lack of assurance in
stability of membranes during long-term utilization, which leads to constant main-
tenance costs (Gallucci et al. 2017). In a membrane reactor, reforming and water–gas
shift reaction occur, and simultaneous stripping of the produced hydrogen increases
the conversion yield of the reactions. Steam reforming process takes place in large
multi-tubular fixed-bed reactors. For bench scale production, there are other methods
besides steam reforming: partial oxidation reaction, autothermal reforming (ATR),
and dry reforming (DR). In autothermal reforming, the partial oxidation (exother-
mic) and steam reforming (endothermic) take place in the same reactor (Gallucci
et al. 2013). Table 11.3 represents reactions of different types of reforming methods.

The practical configuration of a membrane reactor can be mainly classified into
either packed (fixed) bed or fluidized bed reactor. Packed beds have advantages like
simplicity in construction and keeping catalyst in a fixed position which leads to
avoidance of damaging membrane caused by erosion. In contrast the disadvantages
of this type of reactors are the temperature differences that the reactor (and so the

Table 11.3 Reactions of different type of reforming methods

Steam reforming (SR)
Reaction Main reaction:CnHm þ nH2O $ nCOþ nþ m=2ð ÞH2

Water�gas shift reaction: CO + H2O $ CO2 + H2

Partial oxidation reforming (POR)
Reaction CnHm þ n=2ð ÞO2 $ nCOþ m=2ð ÞH2

Autothermal reforming (ATR)
Reaction CnHm + (m/4)O2 + 2(n � m/4)H2O $ nCO + 2nH2

CnHm + ((n � 1)/2)O2 + CO2 $ (n + 1)CO + (m/2)H2

Dry reforming (DR)
Reaction CnHm + nCO2 $ 2nCO + (m/2)H2
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membrane) experiences in endothermic or exothermic reactions, and also mass
transfer limitation is another problem, yet these issues are less notable in fluidized
beds. Disadvantages of those conventional methods mentioned above are equilib-
rium restriction and gaseous by-products production, even in total fuel conversion.
Microstructured reactors are another type of membrane that also have been studied
because of their good heat and mass transfer features (Arratibel Plazaola et al. 2017).
There are some characteristics that should be taken into account for choosing
membrane to obtain stripped hydrogen: considerable selectivity towards hydrogen,
economic feasibility, high stability (both mechanical and chemical), and high flux
(Gallucci et al. 2013). H2-selective membranes can be classified into different types
depending on type of materials including polymeric membranes, dense metal mem-
branes, and proton conducting membranes. To compare these membranes, different
critical parameters such as permeated flux, operating condition range, and
permselectivity must be considered. Dense metal membranes (palladium alloys)
and dense ceramic membranes are the best materials to gain high-purity hydrogen,
due to their high selectivity towards hydrogen. Pd alloys are useful to descend the
embrittlement and decrease the catalyst poisons like CO and H2S. Selectivity restric-
tion is inevitable in these membranes compared to inorganic membranes due to their
separation process which is size exclusion-based (Gallucci et al. 2013). Among
dense metal membranes, Pd-based membranes can be sorted into two groups:
unsupported and supported. Unsupported membranes have some disadvantages
like high cost of production and mass transfer resistance (bulk diffusion) that result
in low hydrogen permeability. To obtain hydrogen with ultra-purity, these processes
are taken place into reactors (Gallucci et al. 2013; Saidi 2017). Hydrogen permeation
through palladium-based membranes is a complex process. Hydrogen molecule
adsorption on the surface followed by dissociation into atomic hydrogen, diffusion
of atomic hydrogen from surface into the bulk metal, diffusion through the bulk
metal, and recombination of atomic hydrogen on the surface before they desorb as
hydrogen molecules are the noteworthy steps in this complex process (Ward and
Dao 1999). A conceptual figure of hydrogen separation is illustrated in Fig. 11.7. A
membrane reactor consists of two concentric tubes (Mardanpour et al. 2012). The
inner and the outer tubes are the catalytic reaction and permeation sides, respectively
(Brunetti et al. 2007). The stream containing the components that permeate through
the membrane is called permeate, and the stream containing the retained components
is called retentate. The overall membrane performance depends on various param-
eters: mainly porosity and supporting material, operating conditions (temperature
and pressure), composition of feedstock, and membrane thickness. The difference in
hydrogen partial pressures between the reaction side and the permeation side is the
driving force that the generated hydrogen permeates through the membrane. Mass
transfer driving forces is the result of:

1. Sweeping an inert gas on the side that permeation happens (e.g., N2, He, etc.).
2. Pressure in the retentate should be higher than the permeate channel

(by evacuation of permeate, if necessary).
3. Sweeping a reactive gas to use the permeated hydrogen (e.g., O2, air, CO, etc.)

(Dittmeyer et al. 2001).
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Some opportunities are available to enhance Pd-based membrane reactor effi-
ciency. Common Pd-based membrane reactors have self-supporting films with
thickness ranging from 25 to 100 μm (Saeidi et al. 2017). However, high cost and
having a low hydrogen flux are the main challenges for improvement. Decrease in
thickness increases chemical performance but decreases mechanical strength. Metal-
lic membranes are deposited on supports in order to achieve high selectivity, good
permeability, and mechanical strength (Saeidi et al. 2017). The presence of other
gases coexisting with hydrogen in mixture can decrease hydrogen permeation
through membrane due to polarization phenomenon. Unemoto et al. reported that
presence of CO, CO2, and H2O can reduce hydrogen flux (Unemoto et al. 2007b). In
general, the hydrogen flux permeating through a membrane may be expressed as the
below equation (Iulianelli et al. 2014):

JH2 ¼
PeH2 : Pc

H2

� �n
� Pc

H2

� �nh i

δ
ð11:2Þ

where JH2 is the hydrogen flux permeating through the membrane, PeH2 is the
hydrogen permeability, and n is the dependence factor of the hydrogen flux on the
hydrogen partial pressure (variable from 0.5 to 1). δ and PH2retentate and PH2permeate

are the membrane thickness and the hydrogen partial pressures in the retentate and
permeate side, respectively. For membranes with thickness greater than 5 μm, the n
value is 0.5, and where the hydrogen–hydrogen interactions in the bulk are not
negligible at high pressures, n equals to 1. If the hydrogen permeability is described
as an Arrhenius-like equation, Sieverts–Fick law becomes the Richardson’s relation:

Fig. 11.7 A conceptual
figure of hydrogen
separation in a palladium-
based membrane reactor
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JH2 ¼
Pe0: exp

�Ea
RT

� � ffiffiffiffiffiffiffi
Pc
H2

p � ffiffiffiffiffiffiffi
Ps
H2

ph i

δ
ð11:3Þ

Hydrogen separation efficiency of some pd-based membranes is shown in
Table 11.4 (Gallucci et al. 2004; Iliuta et al. 2003; Iulianelli et al. 2010; Liang and
Hughes 2005; Roa and Way 2003; Tong et al. 2005b, 2006; Uemiya et al. 1988;
Xomeritakis and Lin 1996).

Due to high cost of palladium-group metals (PGMs) and their high usage in
unsupported membrane production, manufacturing cost highly depends on thickness
of membranes. According to Morreale et al., the membrane permeability increases at
high temperatures due to the dominance of endothermic activation energy for
diffusion over exothermic hydrogen adsorption (Morreale et al. 2003). The effect
of nitrogen on hydrogen permeability is investigated by Li et al. (2000), Augustine
et al. (2011), Peters et al. (2008), and Sánchez et al. (2014). Polarization concentra-
tion is the reported reason for reduction of hydrogen permeation. Alsom Wang et al.
reported the blockage of permeation area due to formation of nitrogen species (NHx,

Table 11.4 Hydrogen separation efficiency of some pd-based membranes

Membrane
Thickness
(μm)

Temperature
(�C)

Driving force
(MPa)

H2 flux
(mol/m2.s) References

Pd/PG 13 500 0.202 0.189 Uemiya et al.
(1988)

Pd–Ag/PG 21.6 400 0.202 0.067 Uemiya et al.
(1988)

Pd/Al2O3 0.5–1 30–4500 0.1 0.05–0.1 Xomeritakis and
Lin (1996)

Pd–Cu/
Al2O3

3.5 350 0.1 0.056 Roa and Way
(2003)

Pd–Cu/
Al2O3

1.5 350 0.1 0.499 Tong et al. (2006)

Pd/MPSS 6 550 0.1 0.300 Tong et al. (2006)

Pd–Ag/
MPSS

4 500 0.1 0.280 Tong et al. (2006)

Pd/HF 3–4 430 0.1 0.136 Liang and Hughes
(2005)

Pd/MPSS 10 480 0.1 0.089 Iulianelli et al.
(2010)

Pd/MPSS 19–20 500 0.101 0.0150–0.030 Mardilovich et al.
(1998)

Pd–Ag/
MPSS

15 500 0.202 0.103 Iliuta et al. (2003)

Pd–Ag 50 500 0.1 0.010 Gallucci et al.
(2004)

Pd–CeO2/
MPSS

13 500 0.2 0.275 Tong et al. (2005b)
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x¼ 0–2) (Wang et al. 2007). Nitrogen inhibition followed a linear trend regarding its
quantity in mixture, and carbon dioxide followed a higher inhibition. Some
researchers concluded that steam could dissociate on the active sites and permeate
through the membrane (Gao et al. 2004). However, Li et al. (2000) used steam to
improve hydrogen permeation by regenerating deactivated membranes. Steam
showed diverse behavior depending on its concentration in the feed gas. Inhibition
by steam was even stronger than that of nitrogen and carbon dioxide when mixture
was rich in hydrogen (higher than 50%), while in steam-rich mixtures (hydrogen
concentration lower than 50%), inhibition was nearly independent of steam quantity.
The effect of carbon monoxide is noteworthy. Carbon monoxide can deactivate
palladium-based membranes. Flanagan et al. reported that carbon monoxide adsorbs
strongly on the membrane surface which leads to deactivating and blocking hydro-
gen dissociation sites (Flanagan et al. 2000). The effect of carbon monoxide is
dependent on its quantity in mixture and temperature (Li et al. 2007). At higher
temperatures, milder deactivation was reported by Galluci et al. (2007) and Chabot
et al. (1988). However, Pd/Ag alloy membranes was founded to be less deactivated
by carbon monoxide (Khan et al. 2006; Sakamoto et al. 1996). The interesting part is
that at 723 K carbon monoxide has no strong inhibition influence as Sánchez et al.
reported in their research. Beside carbon monoxide, sulfur also blocks the hydrogen
dissociation sites in pd alloy membranes (Amandusson et al. 2000; Catalano et al.
2010; Gallucci et al. 2007; Mejdell et al. 2009; Nguyen et al. 2009; Peters et al. 2008;
Unemoto et al. 2007a, b). Thus in case of coal and waste gasification, sulfur removal
is necessary for achieving the highest efficiency when using pd alloy membranes
(Jordal et al. 2015). Jordal et al. mentioned that H2S concentration should be
preferably less than 2–3 ppm depending on temperature and H2 concentration (Jordal
et al. 2015). Arsenic, thiophene, unsaturated hydrocarbons, Hg vapor, chlorine
carbon from organic materials, etc. may contaminate dense Pd-based membranes
which results their irreversible poisoning (Iulianelli et al. 2014).

11.4 Waste Gasification

Waste gasification can be defined as a thermochemical conversion of organic waste
materials into H2, CO, CO2, and CH4 in the presence of a gasification agent and
catalyst. Gasification process is known as an excellent method to treat waste as it
produces less greenhouse gas (GHG) emissions comparing to other methods.
Another advantage of gasification process is its flexibility towards different types
of feedstock. Gasification conditions can be modified to separate desired gaseous
products. The desired products can be used for heating, power generation, and
transportation. In conclusion, economic and environmental considerations beside
green energy generation are the main reasons to select waste gasification over other
methods to treat waste (Watson et al. 2018). An overview of major methods to treat
wastes is summarized in Table 11.5 (Maisarah et al. 2018; Münster and Meibom
2011; Verma 2002; Wilson et al. 2013).
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The main difference between waste gasification and combustion is that gasifica-
tion adds hydrogen (H2) and strips away carbon (C) from the feedstock that result in
packing energy into chemical bonds, yet combustion breaks bonds of the matter by
oxidizing hydrogen into water and carbon into carbon dioxide (Basu 2010b). In
order to use gasification method, some pre-requirements are necessary: like other
thermochemical conversion methods, the feedstock must be dry, and its moisture
content should be between 10% and 20%, and waste that contain more moisture
should be dried (Ahmad et al. 2016). Also homogenizing the waste based on their
size and composition should be taken place (Kumar et al. 2009; Molino et al. 2016).
Waste gasification methods contain the following steps (Balat 2009; Basu 2010b;
Puig-Arnavat et al. 2010; Ruiz et al. 2013):

1. Waste drying at the temperature between 100 and 200 �C to drop its moisture
content below 5%.

2. Waste impurity removal.
3. Devolatilizing at 150–400 �C to break down large molecules into smaller one and

gas, char, and tar.
4. Syngas production.

The main drawback of traditional gasification methods is the coproduction of
residue (tar, char, etc.) besides syngas. In order to improve the produced syngas
quality and also decrease contaminants, using proper catalyst and agent is required.
Steam as a gasification agent is mostly used not only to minimize the amount of tar
but also to produce hydrogen selectively. This process is called steam gasification
(Xiao et al. 2013). Since, this method is endothermic, so it needs an energy resource
to keep running (Hejazi et al. 2014). Positive and negative aspects of hydrogen
production processes are presented in Table 11.6 (Gao et al. 2015; Nikoo et al.
2015).

Waste gasification process is classified based on different criteria, such as used
agent like air, steam, oxygen and plasma; thermodynamic concept like endothermic
and exothermic; density factor like dense phase reactor and lean phase reactor; etc.
(Lohri et al. 2017). Dense phase reactors include fixed bed gasifiers (downdraft or
co-current fixed bed and updraft or countercurrent fixed bed) and lean phase reactors
include fluidized bed gasifiers (bubbling fluidized bed, circulating bed and entrained
flow) (Salam et al. 2018). A comparison between using different gasification agents
is summarized in Table 11.7 (He et al. 2009c; Niu et al. 2014; Thamavithya and
Dutta 2008). Updraft gasifier can be used for waste conversion with both low and
high moisture content in feedstock (Thamavithya and Dutta 2008). An overview of
technologies used in gasification process is presented in Table 11.8 (Arena 2012;
Basu 2010a; Kramreiter et al. 2008; Puig-Arnavat et al. 2010; Ruiz et al. 2013).
Table 11.9 summarized some of the investigations done on gasification technology
(Bhavanam and Sastry 2011; Chopra and Jain 2007; Sikarwar et al. 2016; Surjosatyo
et al. 2010; Wang et al. 2008).
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Table 11.6 Positive and negative aspects of hydrogen production processes

Method of
hydrogen
production Advantages Disadvantages References

Incineration Proper for units with high waste
input

High cost and not proper to be
utilized in cities and environ-
mental hazards

Gao et al.
(2015)

Steam
gasification

Fuel gas production in high
quantity with high-purity and
more environmental-friendly
than conventional methods

Low efficiency at high moisture
content

Gao et al.
(2015)

Anaerobic
digestion

No need of electrical power and
aesthetic view and environmen-
tal friendly

Suitable only for wastes with
high content of organic matters

Gao et al.
(2015)

Plasma
gasification

Environmental-friendly and
industrialized and good process
control

Uses a great amount of electric-
ity and high operating costs and
special maintenance is needed

Nikoo
et al.
(2015)

Pyrolysis Inexpensive feedstock and able
to recover tar and the most
inexpensive method to produce
H2

Environmental hazards and
production a notable amount of
solid substances

Nikoo
et al.
(2015)

Partial
oxidation

Industrial Greenhouse gas emission and
less effective

Nikoo
et al.
(2015)

Autothermal
reforming

Less capital costs and industrial Greenhouse gas emission and
less effective

Nikoo
et al.
(2015)

Table 11.7 A comparison between using different gasification agents

Characteristic Steam Oxygen Air

Feedstock MSW MSW MSW

Catalyst Not needed Not needed Not needed

Moisture content (%) – 8.31 7.59

Temperature (�C) 900 800 777

Steam to waste ratio 0.8 – –

E/R – 0.2 0.4

H2 (vol%) 28 11.8 5

CH4(vol%) 21 10.3 5

CO(vol%) 16.5 30.3 19

CO2(vol%) 17.5 35.5 15

LHV (MJ/Nm3) 15.0 8.5 2.4

Tar yield (wt%) 0.2 43.5 11.4 (g/m3)

Char yield (wt%) 7.9 15.5 –

Dry gas yield (m3/kg) 0.5 – 14

Carbon conversion efficiency (%) 44.1 – 61
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Table 11.8 An overview of technologies used in gasification process

Operational
condition

Gasification technology

Updraft Downdraft
Bubbling fluidized
bed

Circulating
fluidized
bed

Entrained flow
bed

Specification
of fuel

>
51 mm

> 51 mm > 6 mm > 6 mm > 15 mm

Max. mois-
ture content
valid

60% 25% < 55% < 55% < 15%

LHV
(MJ/Nm3)

5–6 4.5–5.0 3.7–8.4 4.5–13 4–6

Temperature
of reaction
(�C)

1090 800–1000 1990

Ash and
other pro-
duced
particulates

Notable Ignorable Notable Notable Ignorable

Temperature
of exhaust
gas (�C)

200–
400

700 800–1000 >1260

Tar (g/Nm3) 30–150 0.015–3.0 3.7–61.9 4–20 0.01–4

Hot gas
potency (%)

90–95 85–90 89 89 80

Time of
residence

Until complete infusion Long period Particles
pass
through the
bed

Few seconds

Melting point
of ash (�C)

> 1000 > 1250 > 1000 > 1250

Efficiency of
carbon
conversion

High High (carbon
aggravation
in ash is
noticed)

High High High

Flexibility of
process

Very
determinate

More flexible to
load than design

Very determined
(specially range
of size and con-
tent of energy)

Temperature
profile

High Almost constant
with a slight radial
variation (vertical
gasifier)

Almost
constant
(vertical
gasifier)

Temperature is
higher than the
ash melting
temperature
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11.4.1 Waste Steam Gasification

According to the Table 11.3, this process produces more amount of hydrogen with
more heating value compared to other methods. The gasification agent in this
method improves the yield of reactions, i.e., water–gas shift and steam reforming.
Oxidation of feed takes place due to water–gas reactions and also decomposition of
steam (Watson et al. 2018). There are several parameters that waste gasification
process depends on. Feedstock particle size, operating conditions like pressure and
temperature, applied materials for bed, catalysts, agents used for gasification, heating
rate, amount of feedstock moisture, and steam to waste ratio (S/W) (Radwan 2012;
Sikarwar et al. 2016). By increasing steam to waste ratio, the quantity of H2 and CO2

increases, while the content of CH4 and CO decreases (Garcia et al. 1999). The
performance of this method will be enhanced by integrating this method and slow
pyrolysis steam gasification techniques. By using this method, thermal efficiency
and the quality of the produced syngas will be improved, and also the tar yield will
be decreased (Dawoud et al. 2007; Parthasarathy and Narayanan 2015; Parthasarathy
and Sheeba 2015).

11.4.2 Waste Oxygen and Air Gasification

Oxygen gasification is mostly used for its ability to make medium heating value.
Yet, this agent has some drawbacks like high cost of producing pure oxygen and also
high cost of separating it from the produced syngas. Due to availability and ease of
access, air is the most used agent in gasification. The outcome of this reaction
depends on air temperature; as the temperature is increased, higher heating value
is resulted (Lucas et al. 2004).

Table 11.9 Some of the investigations done on gasification technology

Area of investigation References

Focusing on using different biomass as the feedstock since it is an
environmental-friendly approach

Sikarwar et al. (2016)

Improvement of several factors affecting the process using downdraft
gasifier

Bhavanam and Sastry
(2011)

Discussing different methods to decrease in residual tar content Surjosatyo et al.
(2010)

Discussing progress and bottlenecks of using biomass as the feedstock
of the process

Wang et al. (2008)

Improvement of the process using fixed bed gasifier Chopra and Jain
(2007)
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11.4.3 Plasma Gasification

Using plasma is an ideal alternative of using oxygen as the blast agent, as oxygen
production is hazardous and also costly. Using plasma increases gasification rate and
value heat combustion of produced syngas; furthermore, this method can be used to
treat more variant types of waste comparing to other methods (Indarto and Palguandi
2013).

11.4.4 Waste to Syngas

As discussed before, waste can be converted to syngas via gasification. Gasification
product is then considered as feedstock for membrane reactor. In membrane reactor,
hydrogen content is increased (and separated) via steam reforming and water–gas
shift reactions. In fact, any type of waste containing carbon can be gasified leading to
syngas. Comparing to traditional incineration, gasification can convert all kinds of
carbonaceous solid waste into syngas (CH4, CO, CO2, and H2) besides heat energy
recovery, while incineration can just recover heat energy from combustion without
considering the possible reuse of feedstock (Maneerung et al. 2016; Ong et al. 2015;
Saidi 2018). It must be noted that depending on the waste type, composition of the
produced syngas varies. As an example, Lee et al. studied steam gasification of
different types of solid waste materials, i.e., municipal solid waste (MSW), used
tires, and sewage sludge (Lee et al. 2016). Sewage sludge is considered as a biomass
containing a high energy content energy source. The disadvantage of this source is
its high nitrogen and sulfur content besides heavy metals and pathogens (He et al.
2009a; Mawioo et al. 2017; Zhang et al. 2016, 2017). The sewage sludge gasification
is similar to that of coal and biomass. First sewage sludge is pyrolyzed, and volatile
contents are liberated, and subsequently the remaining solid reacts with gasification
agents to produce H2 and CO (Chen et al. 2017a). In their study, tires were used as
feedstock since it contains high carbon content. In 2013 in the United States, about
1.8 million tons of used tires were collected. It is about 60% of the total amount of
rubber in tires (Gupta and Cichonski 2007). They investigated and compared
different syngas compositions derived from different feedstock. All three types of
feedstock were gasified in the same conditions (3 g of feedstock gasified, 1000 �C
steam, and 5 g/min steam flow rate). In gasification of sewage sludge, concentration
of CO was very high at the same time the concentration of H2 increased with time.
The concentration of hydrogen reached around 60% by volume. Methane was
produced in the beginning, and reaction with steam produced hydrogen. It was
because of the higher temperature condition in the reactor after the initiation where
methane was reacted with water vapor. Interestingly, even for rubber and MSW, the
similar results were obtained. Except for the rubber as feedstock, CO concentrations
are nearly as high as hydrogen concentration, seemingly because of the pyrolysis
process happening before the feedstock reacting with steam. In their reactor design,
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at first the feedstock was put inside the reactor, and subsequently the steam flow was
added. In this design, a pyrolysis stage happens before steam–feedstock chemical
interaction. During the pyrolysis process, the steam available for gasification is quite
restricted, and as a result, CO production is favored since rate of water–gas shift
reaction is low. A comparison between the pyrolysis and gasification is reported by
Nipattummakul et al. (2010). They concluded that the gasification process leads to a
relatively higher hydrogen concentration and lower CO concentration, while in the
pyrolysis process, higher CO concentration and lower hydrogen concentration was
achieved. In comparison to air gasification, steam gasification produced much higher
concentrations of hydrogen and CO. The total energy value was nearly double air
gasification, since hydrogen is provided from the steam. It was found that the rubber
as feedstock generated more than twice the amount of syngas as compared to the
other two types of feedstock. Hydrogen generated by the rubber is three times of that
generated by the sewage sludge or MSW. Higher hydrogen production by rubber is
because of high carbon content in the rubber shifting the water shift gas reaction to
hydrogen production. Umeki et al. (2010) investigated the steam gasification of
woody biomass with high temperature steam above 1200 K. The high temperature
steam acted both as the gasifying agent and heat carrier to the reactor. The hydrogen
concentration was around 35–55 vol. % which was higher in comparison to air
gasification. Another example of waste gasification is studied by Zhang et al.
(2018a). Gasification system containing food waste and woods chips were studied.
Syngas with over 34% of CH4, H2, and CO was produced from gasification of wood
chips with bio char as a by-product. The results of the in situ analysis showed that
syngas composition containing CH4, H2, CO2, and CO was 2.6%, 17.1%, 15.9%,
and 15%, respectively. Over 34% syngas (CH4, H2, and CO) was effectively
generated via woody biomass gasification (Zhang et al. 2018a). Syngas production
by steam gasification of sewage sludge was also investigated by Chen et al. (2017a).
They found that higher temperature improves the rate of gasification reaction,
reforming of CH4 and cracking of tar. So at a higher temperature, increase in both
hydrogen fraction and yield resulted. They also concluded that the addition of metal
element Ni and Fe can improve the tar cracking, methane reforming, and char
conversion into gases. So the addition of metal elements in gasification of sewage
sludge can improve hydrogen production (Chen et al. 2017a). It has been proven by
Dudynski that gasification is reliable way to use difficult to handle industrial waste,
such as tannery residues and feathers (Dudynski 2018). Gasification found to be
effective for converting such hazardous organic waste into energy. Another example
of syngas production via MSW gasification was reported by Zheng et al. (2018). In
their study, key parameters of gasification, i.e., temperature and CO2/steam ratio,
ranging from 1000 to 1100 �C in temperature and 0.5–3 in CO2/steam ratio are
investigated. Their experiments showed that increasing CO2/steam ratio ranging
from 0.5 to 2.5 increases both H2 and CO production. Simultaneously, the CO2

conversion efficiency rises. It was concluded that Boudouard reaction (shown
below) and water–gas reaction proceed independently in the gasification process.
As predictable, when using only syngas as the gasifying agent, maximum values for
H2 and syngas yield were achieved. In general, there are several researches based on
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H2 or syngas production from MSW or its components using steam as the gasifying
agent (Couto et al. 2016a, b; He et al. 2009b, c; Hu et al. 2015; Lee et al. 2014; Zheng
et al. 2016). As an example, Ahmed et al. studied syngas production from cardboard
gasification beside the pyrolysis and steam gasification of paper (Ahmed and Gupta
2009b, c). They found that gasification of paper was strongly connected to char
gasification process. They also investigated the composition of syngas and yield of
syngas from CO2 gasification of cardboard and paper. They noted that further study
on CO2 as a gasifying agent for gasification of wastes is crucial (Ahmed and Gupta
2009a). On the other hand, Castaldi and Dooher studied the gasification of coal by
reusing CO2 in a gasifier (Castaldi and Dooher 2007). Their results indicated that
15% more hydrogen production was resulted when up to 25% of CO2 reused in the
gasifier. The main gasification reactions of wastes are summarized as (Widjaya et al.
2018):

Cþ 1
2
O2 ! CO ΔH ¼ �110:6 kJ=mol ð11:4Þ

Cþ O2 ! CO2 ΔH ¼ �393:6 kJ=mol ð11:5Þ
Cþ CO2 ! 2CO ΔH ¼ þ127 kJ=mol ð11:6Þ

Cþ H2O ! COþ H2 ΔH ¼ þ122:9 kJ=mol ð11:7Þ
Cþ 2H2 ! CH4 ΔH ¼ �þ 74:9 kJ=mol ð11:8Þ

Also, shift reaction (also in reactor to achieve complete CO conversion) occurs as:

COþ H2O $ CO2 þ H2 ΔH ¼ �41:1 kJ=mol ð11:9Þ

And steam reforming (also in reactor to achieve complete methane conversion)
takes place as:

CH4 þ H2O $ COþ 3H2 ΔH ¼ �þ 206 kJ=mol ð11:10Þ

11.4.5 Syngas to Pure Hydrogen

To achieve complete CO and methane conversion in syngas, steam reforming and
water–gas shift reactions are conducted in membrane reactor. Applying a membrane
reactor to carry out the water–gas shift reaction enables the opportunity to replace the
traditional two-unit reactor, a unit operated at high temperature (HT) and another
unit at low temperature (LT), by a one-unit system to produce high-purity H2. In
addition, further purification such as PSA (pressure swing Adsorption) is not
required (Cornaglia et al. 2015). Recently, there have been several researches on
the application of membrane reactors to carry out water–gas shift reaction, but only a
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few of them have investigated the catalyst–membrane interaction (Babita et al. 2011;
De Falco et al. 2013; Mendes et al. 2010). Many studies also focused on high-grade
hydrogen recovery from a catalytic membrane reactor using dense Pd-based
(Augustine et al. 2011; Babita et al. 2011; Basile et al. 2010; Bi et al. 2009;
Cornaglia et al. 2015; Hwang et al. 2013) or composite Pd-based (Augustine et al.
2012; Calles et al. 2014; Liguori et al. 2012; Pinacci et al. 2010). Cornaglia et al.
(2013, 2014) studied WGS reaction by application a Pd–Ag membrane operating at
400 �C; this temperature was imposed by two parameters: (i) at T < 400 �C the CO
adsorption on the membrane increased; thus the hydrogen permeability reduced; and
(ii) at T > 450 �C the membrane durability reduced. They inferred that the optimum
temperature of a Pd–Ag membrane reactor conducting the WGS reaction should
balance a high CO conversion, a high H2 recovery, and membrane stability. The
most important variables of the WGS reaction in reactors are summarized below
(Iulianelli et al. 2015):

• Temperature: In higher temperature the catalytic activity increases but conversion
of CO decreases. As the result, it is essential to carry out the reaction in two
successive steps (i.e., HT and LT).

• Pressure: Increase in pressure leads to an enhanced catalytic activity. In addition,
operating at higher pressures enables the opportunity to decrease the size of the
equipment.

• Space velocity: Decreasing the reactants’ space velocity on the catalyst surface
enables the opportunity to increase CO conversion near the equilibrium.

• Steam/gas ratio: An increase in the steam/gas ratio decreases CO content at the
equilibrium and also decreases the reagents’ contact time.

• Catalysts dimensions: The catalytic activity is highly affected by the catalyst
dimension; thus, with smaller catalysts, it is possible to increase the reactor
performances.

In order to produce high-purity hydrogen, methane steam reforming (MSR) is
conducted in membrane reactor. First, MSR reaction and water–gas shift (WGS)
reactions (high temperature shift-HTS and low temperature shift-LTS) happen, and
finally purification to separate hydrogen from the reformed stream occurs (Li et al.
2016; Ritter and Ebner 2007). Considering operating conditions, high temperature
(>1123 K) is needed in MSR reaction because of the endothermic nature of reaction
(LeValley et al. 2014). Several researches investigated the development of advanced
technologies for energy enhancement and economic feasibility (Basile et al. 2015;
Di Marcoberardino et al. 2016; Murmura et al. 2017; Zheng et al. 2017). Iulianelli
et al. investigated H2 production from bio-methane steam reforming in membrane
reactors (Iulianelli et al. 2017). Kim et al. performed MSR reaction in a membrane
reactor equipped with commercial Ru/Al2O3 catalysts and a tubular Pd-based com-
posite membrane at a temperature of 773 K and pressure difference range of
203–507 kPa (Kim et al. 2018).
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11.5 Waste Impurities Removal

As mentioned earlier, several barriers exist in the way of producing pure hydrogen
by membrane reactors, one of which is presence of impurities in waste. As a result,
the efficiency of process decreases dramatically. Impurities are defined as the
chemical substances that are not involved in the hydrogen production processes.
Depending on the waste type, impurities may differ. For instance, municipal solid
wastes such as paper, textiles, cosmetic products, and e-waste contain siloxanes as
the impurity, while industrial units may be the main sources of sulfur impurities such
as hydrogen sulfide. The processes leading to CO, CO2, and H2O production can
also affect efficiency of pure hydrogen production.

11.5.1 Siloxanes Removal

The chemical backbone of siloxanes (Si�O�Si) is stable, so physical adsorption on
activated carbon is the most common siloxane removal procedure (Ajhar et al.
2010). It is necessary to mention that the moisture content of the gas containing
this type of impurities should be removed; otherwise the activated carbon will be
saturated by moisture. Activated carbon performance is mostly influenced by mois-
ture and temperature of the gas used in the process.

11.5.2 Hydrogen Sulfide Removal

H2S removal methods can be mainly categorized as biological, physical, and chem-
ical processes. Biological processes have the advantage of being both economic and
environmental friendly (Fortuny et al. 2008). Physical and chemical processes
include chemical absorption, physical adsorption, and chemical oxidation methods,
at which their application depends on flow rate of H2S feed gas. Waste utilization in
the membrane reactor needs H2S removal as it has catalyst poisoning nature which
contains notable amounts of sulfur content.

In the waste purification units, H2S abatement is the first step. Desulfurization is
carried out by the reaction with mixed�metal oxides leading to a stable metal sulfide
formation. A common method of H2S removal is impregnation of iron sponge and
activated carbon that are catalytic processes used in biogas H2S removal (Choi et al.
2008; Yan et al. 2004). Chemical reaction on adsorbent surface using supporting
material with ferric oxide coated onto is taken place in iron sponge as a catalytic
process. The proposed removal mechanism is as follows: H2S is adsorbed on the
catalyst, and by the reaction of hydrated iron oxide with H2S, iron sulfide will be
produced, and H2S is removed from the feedstock (Cherosky and Li 2013).
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By impregnation of activated carbon with certain bases (NaOH, KOH), selectiv-
ity of the removal will be increased (Yan et al. 2002). Dissolution of mildly acidic
H2S gas and oxygen is the result of thin basic layer available on the surface of
activated carbon and then radicals generated by O2 react with dissolved
hydrosulfide ions.

11.6 Economic and Environmental Investigation

11.6.1 Economic Investigation

Feed and process pressures (compressors), flow rates, operating temperatures, prod-
uct purity, flexibility, and future expansions capability are the notable factors when a
reaction takes place in a membrane reactor. Generally, factors related to economics
of membrane reactors are those mentioned above, beside membrane type. In partic-
ular, permeability and selectivity of membrane influence the process capacity and
purity of the product, respectively. Depending on the material used in membrane,
operating conditions may differ, and thus the operating cost of the hydrogen
production via different reactors will not be the same (Criscuoli 2006). As mentioned
earlier, partial pressure gradient between permeate and retentate side should be made
by applying pressure on the feed or sweeping an inert gas like nitrogen or by utilizing
vacuum on the permeate side. This factors all influence the efficiency of hydrogen
production (Criscuoli 2006). Fixed cost of manufacturing a membrane reactor is
mainly based on the amount of palladium that is used in the reactor, and the cost is
based on the thickness of the membrane as the cost of palladium varies during the
year (Criscuoli 2006). In order to optimize manufacturing cost, application of new
techniques to construct a low-thickness palladium-based membrane is crucial.
Higher permeation rate is achieved in lower membrane thickness; thus, the desired
recovery of hydrogen with lower membrane area is obtained.

Membrane reactor economic issues can mainly be divided to capital and operat-
ing costs. Installation costs and catalyst and equipment costs go into capital costs.
Raw materials, replacement of membrane (the lifetime of a palladium membrane
reactor is estimated about 3 years (Criscuoli et al. 2001)), consuming energy, etc. go
into operating cost category (Criscuoli 2006).

Economic analysis of different membrane shows that amount of hydrogen in
feedstock affects the economics of the membrane reactor: higher driving force and
lower membrane area are needed for removal of hydrogen to desired amount as
higher hydrogen is present in feedstock (Criscuoli et al. 2001). Criscuoli et al. have
studied the effect of H2O/CO ratio in several membranes and their effect on the total
costs of the membrane. He concluded that by changing the ratio from 9.8 to 2, the
efficiency reduces slightly (99.3–94.94%), yet the total costs decrease more than
50% (13.75 M€/year to 6.54 M€/year) (Criscuoli et al. 2001).

Landfilling has some bottlenecks as a waste management policy; transportation
cost besides environmental issues is the major ones. Incineration has high operating
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and transportation cost (which is less than landfilling). In comparison, transportation
cost is less considerable in membrane reactor technology and application of waste as
raw material in gasification. Using gasification products (mainly syngas) as feed-
stock in membrane reactor leads to lower operating cost for membrane reactor
technology. Amount of palladium used in membrane can be recovered by various
methods which make application of palladium membrane reactor more economically
feasible for waste management.

Another advantage of membrane reactor technology over landfilling and incin-
eration is its emerging technology. A lot of optimization is being suggested recently,
helping construction cost of membrane reactor decrease, such as new technologies in
membrane construction (e.g., reducing the thickness of palladium used in the
membrane leading to lower construction cost).

11.6.2 Environmental Investigation

Considering the two main methods to convert waste to energy (chemical and
biological), landfilling and incineration as common chemical methods are harmful
method for the environment which release greenhouse gases and also produce small
solid particles that easily suspend in the air and in polluted area, leading to arithmetic
diseases. Pyrolysis and gasification cause indirect soil and groundwater pollution
and inappropriate by-product formation. Biological methods such as anaerobic
digestion produces lignin that cannot be decomposed soon (Beyene et al. 2018).
On the other hand, using membrane technology for converting waste to energy is an
efficient technology to manage and recover the waste and also resolves the
abovementioned disadvantages.

11.7 Perspective

It is clear that the best solution to waste management is reducing the amount of
produced waste, and this can be reached with a little change in life style. Among
various thermochemical processes of waste to hydrogen conversion, further
researches about integrated gasification in the membrane reactors are necessary.
Also, more research and development about economic technologies to convert
current types of waste into hydrogen is needed.

Pd/Ag alloy membranes are less sensitive to carbon monoxide as an inhibitor.
Hence, developing new Pd/Ag alloy membranes or other types of alloy membranes
that resist other inhibitors is inevitable in order to improve the efficiency of produc-
ing hydrogen via membrane reactors. Also manufacturing new membrane should be
noticed, since cost of membrane manufacturing is highly dependent of the amount of
palladium or other kinds of precious metals used. So developing and manufacturing
new membranes that have low thickness and low amount of metal persuades
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researchers and organization to use membrane reactors as a promising method to
produce hydrogen, as it is more feasible compared to other technologies.

There may be three concepts in terms of using waste in membrane reactor
technology. One is by gasification of waste materials and moving the gasification
product to a membrane reactor (Fig. 11.8a). The second concept is the usage of some
special types of waste such as flare gas, etc. after pretreatment and utilizing them as
feedstock in membrane reactor (Fig. 11.8b). The other concept which seems to be
more precious is gasification of wastes inside a membrane reactor which is called
integrated configuration (Fig. 11.8c). The latter concept leads to an ultra-compact
high-efficient integrated system. It is obvious that pretreatment of waste such as flare
gas is necessarily needed when using it directly in the reactor if the lifetime of
membrane matters. It is because of the fact that wastes such as flare gas contain
notable amount of sulfur and other contaminants which can poison the catalytic
portion of the membrane. Integrated systems have the advantages of being compact
while not having the gasification issues. At the same time, only limited number of
waste types can be used in an integrated system. Also, development of biochemical
methods to produce hydrogen from waste due to its advantages such as being
environmental friendly and no needs of electricity for the process is recommended.
Harsh operating conditions of gasification is harmful to the membrane in the case of
integrated configuration; therefore, newer gasification methods with milder operat-
ing conditions should be developed. In order to achieve milder gasification operating
conditions, more studies on catalytic process development is substantial. However,

Fig. 11.8 (a) Gasification of waste materials and moving the gasification product to a membrane
reactor; (b) usage of some special types of waste such as flare gas, etc. after pretreatment and
moving them to membrane reactor; (c) gasification of wastes inside a membrane reactor
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some new modifications should be done to cope with this method bottleneck, i.e., its
application for low organic content wastes.

11.8 Summary

As protecting environment has become a matter of debate these years and will be in
the upcoming years, waste management has turned into a critical issue. Replacement
of fossil fuels with green and environmental-friendly fuels like hydrogen will
support the concept of protecting environment. Developing new methods and
modifying the traditional methods to produce hydrogen, especially from waste, is
necessary. It has both the benefit of reducing amount of generated waste and
producing a green fuel instead of fossil fuels. The present study reviewed conversion
technologies of waste to hydrogen. Waste conversion by application of membrane
reactor provides the combined valorization of waste as both materials and energy
and incorporates the goal to prevent CO2 and other greenhouse gas emissions and
produce hydrogen during gasification and reforming processes. In the future, more
investigation is necessary to improve the commercial viability of membrane reactors
in order to encourage the implementation of advanced waste conversion approaches.
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Abstract Hydrogen production from residual biomass and wastes is a sustainable
approach for reducing their final accumulation in landfills and simultaneously a very
promising alternative for the energy recovery. Most developed technologies to
produce H2 from residual biomass and wastes are reviewed in this chapter focusing
on the separation/purification of the produced hydrogen. Suitability of both thermo-
chemical and biological technologies for hydrogen production is described, and
examples of industrial processes are included. Basics of hydrogen separation/puri-
fication with membranes are detailed, and suitable separation technologies for the
purification of hydrogen produced from biomass and waste conversion are presented
focusing on the most recent advances in Pd-based membranes. The use of membrane
reactors in which the traditional chemical reaction is combined to the continuous
extraction of the main product with high purity, in this case hydrogen, is particularly
interesting, being also addressed the most recent developments in this field.
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Acronyms

ATR Autothermal reforming
CCS Carbon capture and storage
CCU Carbon capture and utilization
DC Direct current
DF Dark fermentation
DOE Department Of Energy (United States of America)
DOR Dry oxidation reforming
DR Dry reforming
EAP East Asia and Pacific region
ELP Electroless plating
ELP-PL Electroless plating with additional protective layer
ELP-PP Electroless pore-plating
EU European Union
FBR Fluidized-bed reactor
GHGs Greenhouse gases
GHSV Gas hourly space velocity
HT High temperature
HRF Hydrogen recovery factor
IGCC Integrated gasification combined cycle
LT Low temperature
MCW Microwaves
MR Membrane reactor
MSW Municipal solid waste
NG Natural gas
OCDE Organization for Economic Co-operation and Development
OMW Olive mill wastewater
OS-ELP Osmosis-assisted electroless plating
PBR Packed bed reactor
PCB Printed circuit board
PF Pore filling
POR Partial oxidation reforming
PSA Pressure swing adsorption
PSS Porous stainless steel
RDF Refuse-derived fuel
RF Refuse fraction
RFR Radio frequency
SEM Scanning electron microscopy
SEWGS Sorption-enhanced water–gas shift
SIP Steam–iron process
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SMR-OG Steam methane reforming off-gas
SNG Synthetic natural gas
SR Steam reforming
SRF Solid recovered fraction
USA United States of America
VA-ELP Vacuum-assisted electroless plating
WGS Water–gas shift

12.1 Introduction

Anthropogenic emissions of greenhouse gases (GHGs) such as CO2 and hydrocar-
bons are acknowledged worldwide as one of the main contributors to global climate
change. Pathways limiting global warming to 1.5 �C scenario would require rapid
and far-reaching transitions in energy, land, urban and infrastructure (including
transport and buildings), and industrial systems that imply deep emissions reductions
in all sectors, a wide portfolio of mitigation options, and a significant upscaling of
investments in those options (Yue and Gao 2018).

Finite availability of the fossil sources (coal, natural gas, etc.) and insecurity of
energy supply are contributing factors to the consolidated idea that transition
towards a sustainable energy system requires that energy sources must be carbon-
free and renewable to cope with climate change and minimizing dependence on
oil/natural gas imports (Nikolaidis and Poullikkas 2017). Energy and chemicals are
still mostly being produced from fossil resources which causes the release of more
than 80% of the global emissions of CO2 (37,1 billion tons in 2018) with China and
the United States as the two larger emitters (Global Carbon Project n.d.). An
emissions reduction target of halving CO2 emissions by 2050 will require the
contribution of all available technologies including carbon capture and storage
(CCS) or carbon capture and utilization (CCU) applied to large CO2 point sources,
especially fossil-fired power plants, and the development and deployment of renew-
able energy forms such as wind, solar, biomass, and H2 energy which are promising
and feasible options (Aldy et al. 2017).

Another significant challenge that society is facing is the accumulation of wastes
in the environment. A continuously increasing generation rate of wastes is a conse-
quence of the increase in global population which not only may produce environ-
mental damages and negative health effects but also causes unnecessary losses of
materials and energy. A general distribution of the generation of wastes in the
different regions of the world can be seen in Fig. 12.1 where the OCDE (Organiza-
tion for Economic Co-operation and Development) leads the ranking with a 44% of
the global waste generation followed by EAP (East Asia and Pacific) with a 29%
showing the direct influence that exists between the degree of development of a
country/region and the volume of wastes generated (Daniel and Bhada-Tata n.d.).
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Waste management strategies include mainly landfilling, composting, incinera-
tion, and recycling, having in general concrete national politics a strong influence in
the approach followed in each country or region. For example, helped by the
European Union (EU) legislation implemented during the last two decades, the
landfilling rate of municipal solid wastes (landfilled waste as share of generated
waste) compared with municipal waste generation dropped in the EU-28 from 64 to
23% between 1995 and 2017, respectively (European Commission n.d.-a). How-
ever, in general, out of different available alternatives, recycling and composting are
responsible for the reduction of landfilling rate in most countries. Recyclable
materials such as metals, paper, and plastics are used for recycled product manufac-
ture, while the organic fraction (biodegradable) and food waste can be further
processed, for example, to convert it to biogas via anaerobic digestion. The
remaining fraction or refuse fraction (RF), which cannot be further recycled, can
be used to obtain the so-called solid recovery fuel (SRF) and refuse-derived fuel
(RDF) which can be both converted into liquid and gaseous biofuels for production
of heat and power or to be used as a transport fuel. Moreover, RDF can be
transformed thermochemically into heat, electricity, or added-value chemicals as
H2 and fuels (Nowakowski et al. 2018).

All this potential has been especially recognized at EU, where the limit to
recyclability was raised to 50% of their municipal waste and 70% of construction
waste by 2020 and waste processing for energy and added-value products pro-
duction is increasing, providing a sustainable method of obtaining a valuable
product and simultaneously a way to eliminate a waste storage problem (European
Parliament 2018).

However, the term waste not only refers to municipal solid waste. Waste com-
position is very variable, and depending on its origin, nature, or composition,
different classifications are possible, and optimum management strategies can be
proposed for its disposal. For example, according to Carioca et al. (2013), wastes can
be divided in five groups: agricultural waste, yard and forestry waste, sludge, food
processing waste, and organic household waste. Other authors refer to residual
biomass as a waste (Otto et al. 2018), which can be defined as any renewable
resource derived from organic material of animal or plant origin, existing in nature

Fig. 12.1 Global waste generation per region (Daniel and Bhada-Tata n.d.)
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or generated by man and/or animals that can be used as an alternative source of
energy. According to this definition, residual biomass could include biomass deriv-
ing from livestock residue (slurries), agricultural waste (residue of grains, cotton,
etc.), tree and woody residue (from pruning, changes of variety/species), and
industrial residue (rejected wood, dull edges, residual lignin, etc.). The term
biowaste is also used in the EU legislation (European Commission 2008) as biode-
gradable garden and park waste; food and kitchen waste from households, restau-
rants, caterers, and retail premises; and comparable waste from food processing
plants.

More and more the use of biomass to make biofuels and generate electricity is
increasing due to its potential valuable source of renewable energy. In general, due to
the high volume of residual flows of these types of wastes, their total value is similar
to or higher than that of pharma, compost, and unprocessed/basic food products. A
recent study has assessed the key factors relating to the sustainability of bioenergy
production and suggests global biomass could potentially meet up to one third of the
projected global energy demand in 2050 (European Commission n.d.-b).

The use of residual biomass and wastes as a renewable source of energy, fuels,
and added-value products such as hydrogen is an open issue today providing a
sustainable pathway for the elimination of wastes and recovery of energy. Different
approaches, including thermochemical and biological technologies, are available,
most of them have been commercially demonstrated for fossil resources, and their
suitability is being demonstrated as future new pathways for renewable resources
such as residual biomass and wastes.

In this chapter a review of the most developed technologies for H2 production
from biomass and waste is presented, focusing on the separation/purification of the
produced H2 as the final step of the process. Achievements and recent advances of
membrane technology for H2 separation in residual biomass and waste valorization
are widely addressed.

12.2 Technologies for Waste and Residual Biomass
Valorization to Hydrogen

Energy contained in residual biomass and wastes can be recovered in the form of
electricity, heat, fuels, and/or added-value products by using many different tech-
nologies. Depending on the form, type, and properties of the available biomass/
waste and the final targeted product, different conversion processes can be used
which can be generally classified in two main groups, as shown in Fig. 12.2 (Chung
2014), biochemical and thermochemical conversion processes.

In this chapter, focused in the production of hydrogen as fuel and added-value
product, four main technologies have been considered for the valorization of
biomass-based feedstock, namely, pyrolysis and gasification within the thermo-
chemical processes and anaerobic digestion and fermentation within the biochemical
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ones. Some other biological conversion processes such as some photocatalytic or
electrolytic processes which are still in early stages of development have not been
considered here (Singh Yadav et al. 2018; Heidrich et al. 2013).

12.2.1 Biochemical Routes

The term biochemical refers to the use of microorganisms to convert organic
feedstock (biomass or wastes) into other added-value products such as chemicals
or fuels. The interest in producing hydrogen from biomass and wastes by biological
routes has increased significantly during the last decades due to a growing attention
payed to waste minimization and sustainable development at lower costs (Stephen
et al. 2017). Biological processes operate at low–moderate temperature and pressure
and therefore are less energy-intensive than other conversion processes. The most
common products of microbial conversion of organic fractions include liquid fuels
(ethanol) and gaseous fuels (methane and hydrogen). When focusing on hydrogen
production, major biochemical conversion processes of biomass or wastes
containing carbohydrates include anaerobic digestion followed by reforming of the
biogas and dark fermentation.

Fig. 12.2 Main conversion processes for waste and residual biomass to different products focusing
on hydrogen. (Adapted from (Chung 2014))

460 M. Maroño and D. Alique



Anaerobic Digestion/Biogas Reforming

Anaerobic digestion is based on the transformation of organic matter to biogas
(consisting essentially of a mixture of 40–70% CH4 balanced with CO2 and other
minority compounds) using some suitable bacteria such as mixed methanogenic
bacterial cultures which grow under anaerobic environment at different temperature
ranges (not usually exceeding from 60 �C). Different types of biomass and residual
wastes are being used as feedstock in the anaerobic digestion process to produce
biogas, and the number of biogas plants in EU has greatly increased during the last
decade. In less than 10 years, the total number of biogas plants has tripled reaching
more than 17,000 units mostly due to the increase in plants running on agricultural
substrates (Matsakas et al. 2015; Nitsos et al. 2015), followed by biogas plants
running on sewage sludge, landfill waste, and various other types of waste
(European Biogas Association, Statistical report 2017 n.d.). The spectra of suitable
wastes to produce biogas are growing including waste textiles (Jeihanipour et al.
2013) and municipal solid waste (MSW) (Alzate-Gaviria et al. 2007). Most common
applications of this biogas include its use as fuel in vehicles (Damrongsak and
Tippayawong 2010) and burners for producing heat and electricity (Pöschl et al.
2010; Swami Nathan et al. 2010) or to directly inject it into the natural gas grid
(Penev et al. 2013).

However, together with CH4 and CO2, which are the main constituents of biogas,
and depending on the feedstock and the microorganisms used, other gaseous species
might be produced during the anaerobic digestion process such as hydrogen sulfide,
water, silicon organic compounds (e.g., siloxanes), oxygen, ammonia, dust, and
aerosols and also several trace gases such as aldehydes and ketones, carboxylic
acids, and aromatic compound (Fachverband Biogas e. V. 2017) whose influence
must be taken into consideration prior to final use of the biogas.

Upgrading of biogas to bio-methane is one of its most common pathways for
valorization. For this application, biogas cleaning is a crucial step for increasing its
heating value and for meeting requirements for gas final application (engines,
boilers, fuel cells, vehicles, etc.). The aim of all upgrading technologies is to achieve
high methane purity and low losses with low energy consumption. Different avail-
able technologies can be grouped in four main types: scrubbing technologies,
membrane separation, pressure swing adsorption (PSA), and cryogenic treatment
(Fachverband Biogas e. V. 2017). Figure 12.3 shows the distribution of biogas
upgrading technologies in Europe in the last decade (European Biogas Association,
Statistical report 2017 n.d.): scrubbing technologies account for the greatest propor-
tion of upgrading systems, at 73% share (around 200 facilities), followed by pressure
swing adsorption with an 18% share (used at 53 facilities), membrane separation
(8%), and finally cryogenic separation which is only used in a few plants in Europe.
Total bio-methane production in Europe reached 1.23 billion m3 in 2015. Each of the
abovementioned methods has its advantages and disadvantages, so, in general, the
best choice of treatment technology should always be based on local conditions.
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Besides the direct use of biogas as fuel, the interest in using bio-methane as a
source of H2 has been growing during the last decade due to its potential for power
generation in fuel cells (Wee 2007; Alves et al. 2013). The most common available
technologies to produce hydrogen from biogas include a reforming step using either
steam (steam reforming, SR), CO2 (dry reforming, DR) or autothermal reforming
(ATR), partial oxidation reforming (POR), or dry oxidation reforming (DOR)
(Basile et al. 2016). Some other novel technologies are still under development
such as solar reforming, plasma reforming, or catalytic decomposition (Alves et al.
2013).

The production of hydrogen from biogas by SR involves, in general, three main
steps: reforming, shift reaction, and separation unit, usually requiring a previous
cleaning treatment of the raw biogas stream. A scheme of the combined process,
including some cleaning strategies, is depicted in Fig. 12.4. Using raw biogas in

Fig. 12.3 Biogas cleaning technology distribution in Europe (European Biogas Association,
Statistical report 2017 n.d.)

Fig. 12.4 Combined process for hydrogen and biogas production from biomass and wastes

462 M. Maroño and D. Alique



engines for heat or combined heat and power production usually requires a desul-
furization step to avoid corrosion problems (Khan et al. 2009), while a deeper
cleaning treatment, including removal of concomitant gases such as CO2, steam,
and trace components, is usually required if upgrading of biogas to bio-methane or
hydrogen production by steam reforming of biogas is performed (Sun et al. 2015).

Practical demonstration of H2 production from steam reforming of biogas can be
found both in literature, for example, biogas and hydrogen production from waste-
water of milk processing industry (Coskun et al. 2012), or at industrial scale with the
production of renewable hydrogen from upgraded biogas obtained by anaerobic
digestion of agricultural waste and manure from nearby livestock farms at the
Shikaoi Hydrogen Farm, a hydrogen production facility in Hokkaido, Japan
(World Bioenergy Association, 2019 n.d.).

The gas stream leaving the reformer (syngas) consists of a mixture of CO, CO2,
H2, H2O, and traces of non-converted CH4. Further upgrading of the syngas pro-
duced in the reforming step, by means of the water–gas shift (WGS) reaction, allows
the CO present in the gas phase leaving the reformer to be fully converted into H2

and CO2 reaching final H2 concentrations that can vary between 50% and 60% v/v
depending on the catalyst activity and operating conditions (temperature, space
velocity, etc.) (Byron Smith et al. 2010). The separation/purification of H2 is the
final step of the process which is usually performed using commercially available
PSA units. However, a growing interest in the use of membranes and membrane
reactor (MR) technologies for H2 production by biogas steam reforming can be
found in literature at both lab-scale, using gas mixtures to mimic the biofuel
compositions (Sato et al. 2010) or using real biogas from the direct digestion process
of residual biomass and wastes (Vásquez Castillo et al. 2015; Silva et al. 2015).
Advantages of the application of process intensification strategies have been recently
demonstrated in the project BIONICO by the integration of the reforming step with
an in situ separation of the produced H2 using a fluidized-bed membrane reactor
achieving a hydrogen production efficiency around 69% at 20 bar
(Di Marcoberardino et al. 2018).

Dark Fermentation

In a fermentative process, heterotrophic microorganisms are used to convert the
organic carbon sources into simpler compounds producing molecular H2. The
alcoholic fermentation of sugar crops, starch, and more recently lignocellulosic
materials can be considered the principal biological process to produce ethanol
and butanol which can be further processed to obtain hydrogen (Sarkar et al.
2012). However, the high cost of raw feedstock has promoted the use of residual
biomass or waste as substrates which additionally may provide a sustainable
approach to reduce waste disposal in landfills (Liu et al. 2011).

As for the direct production of H2 from biomass/waste feedstock, major biolog-
ical processes are photo-fermentation (in presence of light) and dark fermentation.
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Out of the two types, dark fermentation (DF) represents one of the most promising
biological routes due to its faster conversion efficiencies and lower process costs
(Gao et al. 2017; Toledo-Alarcón et al. 2018). Different types of wastes and bio-
masses have demonstrated good properties as feedstock for H2 production by dark
fermentation such as grass, straw and food industry residues (Drljo et al. 2014),
marine algae (Shi et al. 2011), or tequila vinasses (Rodríguez-Félix et al. 2018)
although most results correspond to laboratory-scale studies. Moreover, dark fer-
mentation has demonstrated significant flexibility to use many renewable complex
waste biomasses as feedstock and to produce a wide variety of valuable platform
biochemicals of economic interest (Wang and Wan 2009; Ghimire et al. 2015).
Recent reviews show a growing interest in the advantages of using hybrid systems
based in sequential dark and photo-fermentation processes (Nikolaidis and
Poullikkas 2017).

The use of MSW as a source for the direct production of H2 by dark fermentation
has been studied and optimized during the past years focusing on both waste
composition and fermentation conditions for optimizing the production of hydrogen.
Previous studies had showed that those MSW feedstocks rich in carbohydrates
resulted in higher H2 yields, while predominant presence of oils, fats, and lignocel-
lulosic materials resulted in significantly lower H2 yields (Kobayashi et al. 2012).
Moreover, one of the substrates considered as very good feedstock for producing H2

by dark fermentation is kitchen waste (Jayalakshmi et al. 2009). The critical role of
those fractions in the final H2 yield is also being investigated by treating municipal
solid waste with high pressure and steam, which is then converted into butanol and
hydrogen by anaerobic bacteria during a fermentation process (Truus de Vrije 2018).

Industrial application of H2 produced by dark fermentation is still limited due to
the low H2 yields achieved. Different approaches for improving H2 yields can be
found in literature. One of the most promising methods includes the use of mixed
microflora instead of pure cultures, which is favorable in terms of easier process
control and substrate conversion efficiencies. However, mixed cultures should be
first pretreated in order to select sporulating hydrogen-producing bacteria and
suppress nonspore-forming hydrogen consumers. Various inoculum pretreatments
have been used to enhance hydrogen production by dark fermentation including heat
shock, acid or alkaline treatment, chemical inhibition, aeration, irradiation, and
inhibition by long-chain fatty acids (Rafieenia et al. 2018).

Additionally, in order to obtain a highly pure H2 stream, different cleaning and
separation technologies might be necessary. At this stage, all the already described
methods for biogas cleaning can be used, being possible to consider scrubbing or
PSA as one of the most appropriate ones. The final selection of the best technology
must be done after considering both impurities present in the gas stream and final use
for hydrogen. However, the use of membranes and membrane reactors could also
play an important role in the future due to their multiple possible benefits. More
details about the use of membranes with these purposes will be addressed later.
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12.2.2 Thermochemical Routes

Thermochemical conversion processes refer to the use of heat to convert feedstock
into fuels. Depending on the amount of oxygen used in the reaction, the conversion
process goes from combustion, where stoichiometric amount of oxygen or air is
generally used to completely oxidize the organic matter to CO2 producing heat
and/or electricity (DemirbaÅŸ 2001) to pyrolysis, where the thermal destruction
of the biomass/waste takes place in absence of oxygen or air, converting the
biomass/waste into solid substances (coal), liquid (bio-oil), and gas (fuel gas)
(Goyal et al. 2008). Finally, gasification is a partial oxidation of the biomass/waste
which produces a synthesis gas (syngas), consisting of a mixture of H2, CO, CO2,
CH4, etc. that can be further processed to fuels and/or added-value products (Wang
et al. 2013).

Compared to biological processes, thermochemical conversion technologies
require elevated temperatures, and the conversion rates are generally faster. Ther-
mochemical technologies to produce H2 from biomass and wastes include two main
routes, pyrolysis and gasification, which can be also combined in a unique process.
These two routes are economically viable strategies which provide the highest
potential to produce hydrogen becoming competitive on a large scale in the near
future (Nikolaidis and Poullikkas 2017). Both processes are performed under limited
or no oxygen, and the operating conditions and the yield of products vary greatly
among them.

Pyrolysis

Pyrolysis is a highly flexible thermochemical process that has demonstrated a high
potential in the residual biomass and waste management sector in the last two
decades (Czajczyńska et al. 2017; Bridgwater 1996). By regulating substrate com-
position, temperature, and retention times, the ratio between solid (char), liquid
(oils), and gas (syngas) can be adjusted to focus on the desired fraction (Maggi
and Delmon 1994). Depending on the maximum heating rate and temperatures used
in the process, pyrolysis can be classified as slow, fast, and flash being fast pyrolysis,
which has reached a wider deployment at industrial scale (Butler et al. 2011).

Figure 12.5 summarizes the inverse relationship between thermal conditions used
in the process (heating rate and temperature) and the production of bio-oils: slow
pyrolysis is characterized by relatively low temperatures (<450 �C), low heating
rates, and long residence times which lead to maximum yield of char with moderate
amounts of tar by-products. Intermediate pyrolysis is characterized by temperatures
around 450 �C–500 �C and residence time in the order of few seconds. Fast pyrolysis
is characterized by very high heating rates (>1000 �C/s), very short residence time
(<2 s), and rapid cooling of the products which may reach bio-oil yields of 60–70%
(Onay and Kockar 2003). Moreover, in fast pyrolysis moderate temperatures (up to
550 �C depending on the feedstock) maximize the yield of condensable vapors and
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therefore bio-oil (about 70% wt), and high temperatures (above 600 �C) maximize
pyrolysis gas yields (about 80% wt) (Bridgwater 2012). As shown in Fig. 12.5,
maximum syngas yields can be obtained by fast pyrolysis of biomass or wastes
(in the range of 20–30%), while bio-oil production can reach up to 70%. For
maximizing the production of hydrogen, upgrading of this syngas and further
processing of the liquid stream are required. Significant advances reached in fast
pyrolysis technologies in the 1990s (Horne and Williams 1996) supported the
feasibility of combining the fast pyrolysis with steam reforming of the produced
bio-oil which has already been demonstrated in the late 1990s for agriculture and
forest biomass reaching hydrogen yields as high as 85% of the stoichiometric value
(Bridgwater 1999). Nowadays fast pyrolysis is a relatively mature technology, and
significant advances have been achieved at both laboratory and pilot scale regarding
the upgrading of bio-oils to H2, fuels, and other chemicals (Wang et al. 1998).

Suitability of different biomasses and wastes for H2 production by pyrolysis has
been also explored during the last decades, including plastics, municipal solid
wastes, or tires.

Plastics accounted in the early 2000s for 8–9% of total waste stream and were
already envisaged as potential feedstock able to generate more than six million tons
of hydrogen per year following a pyrolysis/reforming concept (Czernik and French
2006). Nowadays, with plastic contents in the MSW around 10% wt (European
Environment Agency, Waste-municipal solid waste generation and management n.
d.), this approach is fully justified, and the interest in hydrogen production from
plastics continues, for example, in the study of co-feeding plastics to the steam
pyrolysis/gasification of different biomasses such as sawdust which has showed a
production of 36% vol of H2 when 20% wt of polypropylene was mixed with the
biomass (Alvarez et al. 2014).

Fig. 12.5 Hydrogen production pathways from pyrolysis of biomass and wastes
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Pyrolysis of different MSW fractions has also been explored as a feasible
pathway to produce hydrogen, and the influence of different types of MSW in the
final distribution of pyrolysis products has been investigated (Ateş et al. 2013). More
recently, Kabir et al. have investigated the pyrolysis of MSW finding that above
550 �C the quantity of syngas produced reached 30% (Kabir et al. 2015). Moreover,
different strategies can be found in literature for increasing H2 production from
MSW pyrolysis including co-feeding different fractions of MSW in the final pyrol-
ysis gas yield (Bridgwater 2012) or the use of by-product char to reform the volatiles
fraction towards the production of H2 (Grieco and Baldi 2012).

Suitability of pyrolysis has also been demonstrated for the treatment of waste
tires. During this process, sulfide bonds occurring in the rubber become broken, next
carbon chains are bursting, and finally gaseous, liquid, and solid products are
formed, which then can be subjected to further processing (Wang et al. 2017).
While a wide variety of alkanes, alkenes, and aromatic compounds are usually
found in the pyrolysis oil fractions (Ryms et al. 2013), main products in the pyrolysis
gases derived from tires consist in aliphatic compounds such as methane, ethane,
ethene, propane, propene, butane, butene, pentane, and pentene which can be further
processed to obtain hydrogen or added-value chemicals and oxides like carbon
monoxide, carbon dioxide, and hydrogen sulfide (Williams et al. 1990). As it also
happened for other biomasses or wastes, carbon monoxide is usually the major
component of the gas phase, and H2 content is generally lower than 10% v/v
(Januszewicz et al. 2012). As for the enrichment in hydrogen of the gas stream,
some approaches that had been followed include co-pyrolysis of waste tire/coal
mixtures for production of a hydrogen-rich gas (Bičáková and Straka 2016); plasma
pyrolysis of tires with steam injection, used in Israel by Plasma Recycling Ltd, which
produces synthesis gas with large quantities of CO and H2 (Chang et al. 1996); or a
steam catalytic pyrolysis–gasification process where the potential H2 production
from waste tires was largely increased up to 13%wt (Elbaba and William 2012).

The great potential of residual biomass and wastes to produce H2 by pyrolysis is
supported by the high hydrocarbon-based elements present in the pyrolytic products
which can be further processed to obtain H2 by catalytic reforming of the bio-oil
fractions or upgrading of the syngas. However, prior to the conversion step, the
removal of all the contaminants which might negatively affect the activity of the
catalyst must be removed. Most common technologies are those that can also be used
for the cleaning of biogas such as scrubbing type (water, physical or chemical), but
they can also include cold traps, demisters, and filters (Ryms et al. 2013). There is
not a general rule; most suitable method must be selected based on the contaminants
present in the gas stream and the final use of the hydrogen.

Gasification/Syngas Upgrading

Gasification or “incomplete combustion” is the conversion of solid feedstock,
residual biomass, or waste into synthesis gas at both high temperatures and heating
rates, which optimize the generation of gas products such as carbon monoxide,
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carbon dioxide, hydrogen, and lower amounts of methane. Among the different
thermochemical conversion processes, gasification can be considered the most
suitable technology to produce hydrogen from biomass and wastes where hydrogen
yield is influenced by many factors such as feedstock composition, particle size,
temperature, and gasifying agent (Sheth and Babu 2010).

Depending on the gasification technology, thermal power of gasifiers may range
from values as low as 10 kW to those reaching 1000 MW. Gasifiers smaller than
1 MW are usually low-temperature downdraft or updraft type, and those of capacity
higher than 100 MW are usually high-temperature fluidized-bed or entrained flow
gasifiers type. For intermediate powers, in the range of 10–100 MW, the most
commonly used technology is fluidized bed, both bubbling and circulating, which
provides high heat transfer improving net efficiency (Power Technology, Power
from waste – the world’s biggest biomass power plants 2014).

Gasification of biomass is a mature technology used worldwide to produce
electricity in commercial plants operating with thermal power capacities that ranged
from 100 to 1000 MW (IEA Bioenergy 2016). However, the produced syngas has
multiple applications including its further processing into fuels and added-value
chemicals such as Fischer–Tropsch fuels, methanol, hydrogen, mixed alcohols, or
biosynthetic natural gas (bio-SNG) (Higman 2013).

Gasification has also been demonstrated to be a technically viable option for the
conversion of different solid wastes providing several potential benefits over the
conventional combustion process such as the flexibility of both the design and the
operation under different operating conditions. Advantages of gasifying municipal
solid wastes have been extensively reported in literature as a sustainable and
environmentally suitable solution for the reduction of MSW disposal in landfills.
However, the deployment of gasification technology for MSW treatment is still very
slow with a limited number of plants commercially available worldwide (Arena
2012). Moreover, in literature, it is still an open topic with many researchers and
laboratories focusing on the optimization of reaction conditions including tempera-
ture, heating rate, or the use of catalysts to improve the yield and the quality of the
syngas production together with the reduction of tars and non-desired by-products
(Ahmad et al. 2016; Gómez-Barea et al. 2014; Nilsson et al. 2012).

It is well-known that the producer gas or syngas obtained by gasification of
different feedstock consists mainly in a mixture of H2, CO, CO2, and small amounts
of CH4. However, it is also usually contaminated by some undesirable components
such as tars, chloride, alkali metals, sulfur, etc., which need to be removed prior to its
subsequent processing and conversion into power, mechanical energy, fuels, or
chemical products. In fact, one of the main challenges of gasification technologies
is the formation of tars. Tar is a complex mixture of condensable high-molecular-
weight hydrocarbons in which its composition depends on both feedstock compo-
sition and process conditions (Milne and Evans 1998). Depending on the final
application of the syngas, tar contents must be kept below specific limits, for
example, <10 mg/Nm3 of gas for its use in internal combustion engines or as low
as <0.1 mg/Nm3 for methanol synthesis (Kölling et al. 2012).
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Therefore, considerable efforts are currently underway to find suitable procedures
to remove tars from fuel gas. Both physical methods (scrubbers, filters, wet electro-
static precipitators, etc.) and chemical ones (thermal and catalytic cracking) can be
used. This last type is gaining much attention nowadays as they allow the direct gas
treatment inside the gasifier (using catalysts or sorbents) avoiding the need for
additional downstream treatment of the gas (Neubauer 2011; Shen et al. 2014;
Soomro et al. 2018).

When focusing on hydrogen production by gasification of residual biomass and
wastes, three main processes are usually required: thermochemical conversion of
feedstock into syngas in the gasifier (which may include the direct removal of tars),
the upgrading of the syngas to maximize hydrogen contents, and, finally, the
separation/purification of the produced H2. Some details on recent advances on the
three mentioned technologies are included in the next paragraphs.

(i) Advanced Gasification Technologies for H2 Production

Two of the most promising gasification-based technologies for H2 production
from biomass and wastes which aim at both increasing H2 yield and reducing or
minimizing the presence of tars are steam gasification and plasma-based gasification
system.
– Steam Gasification

Steam gasification is a highly endothermic reaction which usually requires high
temperatures (above 800 �C) for generating syngas with a high yield of H2 and low
tar contents if no catalysts are present. The oxidizing (or gasifying) agent is usually
pure steam or steam-enriched air which enhances the hydrogen contents of the
product gas generating a medium–high calorific value gas (>15 MJ/Nm3) (Xu et al.
2017; Balu et al. 2015).

Optimization of steam gasification of biomass for H2 production has been
extensively investigated, and many studies can be found in literature on different
strategies used for increasing H2 production and for reducing tar formation which
usually include increasing temperatures or the use of catalysts for the thermal or
catalytic cracking of tars (de Lasa et al. 2011; Delgado et al. 1997). Some of the most
common reported approaches include the use of catalysts, sorbents, or the combi-
nation of both in the gasification media. Extensive work has been done, for example,
on biomass steam gasification, using different types of catalysts for tar removal
including Ni-based, dolomite or olivine (Soomro et al. 2018), sorbents such as CaO
in the gasifier for increasing the concentration of hydrogen at low–moderate tem-
peratures (600–800 �C) (Delgado et al. 1997). Other authors have reported the
advantages of including a pyrolysis step followed by the steam gasification or
catalytic steam gasification of the charcoal, which demonstrated a significant reduc-
tion of tar production (Wu et al. 2014).

Feasibility of catalytic steam gasification of residual biomass and wastes has also
been investigated in the steam gasification of MSW where the use of catalyst has
demonstrated to significantly improve the efficiency of tar cracking and the
reforming of hydrocarbons to generate valuable gases (Nilsson et al. 2012). Some
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examples include the use of natural materials such as dolomites (Yang et al. 2008) or
Ni-based catalysts (Luo et al. 2012). In the work by Ponzio et al. (2006), MSW was
gasified in a packed bed reactor (PBR) by mixtures of air and steam preheated to
1400 �C. The results showed that high gasification temperature is effective in terms
of thermal cracking of tar and increase of gas yield. Another example is the
production of hydrogen by catalytic steam gasification of waste tires in a
two-stage reactor (Elbaba and William 2012). More recently, Lee et al. have
obtained a syngas with heating value of 8–10 MJ/Nm3 by super-high-temperature
(1000 �C) steam gasification of different types of wastes including MSW, rubber,
plastic, and wood (Lee et al. 2014).

However, most of the available results correspond to laboratory/small pilot scale,
and few examples can be found on pre-industrial- or industrial-scale demonstrations.
One of the most recent achievements is the UNIQUE gasifier (Heidenreich and
Foscolo 2015) developed under the European project UNIfHY (Project UNIfHY
2012) where the production of H2 from biomass (almond shells) was demonstrated at
1 MWth gasifier scale. Within this project it has been proved at industrial scale the
feasibility of producing H2 from biomass by catalytic steam gasification reaching a
significant increase in gas yields (from 1 to 2 Nm3/kgdaf) and water conversion (from
25% to 45%) with a very low contents in methane (2%v), tar (1 g/Nm3), and
ammonia (1500 ppm).
– Plasma Gasification

Plasma gasification refers to the use of plasma torches as the source of the heat
required to the conversion process, as opposed to conventional fires and furnaces.
Plasma torches have the advantage of being one of the most intense heat sources
available while being relatively simple to operate. Plasma gasifiers typically operate
at temperatures above 1500 �C, and, at those temperatures, materials are subjected to
a process called molecular disassociation, meaning their molecular bonds are broken
down so all toxins and organic poisons are destroyed (Tang et al. 2013). The interest
in the application of plasma technologies to waste management is increasing during
the last decade due to their high efficiency in converting organic and carbonaceous
materials into syngas, while nonorganic materials are melted and cooled into a
vitrified glass (Hassanpour 2017). Plasma torches are commonly used in foundries
to melt and cut metals, and they have been used for many years to destroy chemical
weapons and toxic wastes, like printed circuit boards (PCBs) and asbestos, but since
the late 1980s, these processes have been optimized for energy and fuel production.
Several companies such as Alter NRG are running plasma gasifiers at industrial scale
for MSW since 2002 in Japan and India, for second-generation ethanol in the United
States since 2009, or for converting biomass to energy in China since 2010 (ALTER
NRG Corp 2016).

First plasma gasifier designs focused on optimizing the movement of solids into
the gasifier such as fixed bed, moving bed, entrained, or spouted bed. More recent
designs focus on the plasma discharge technique, which can be mainly direct current
(DC), radio frequency (RFR), and microwaves (MCW) (Tang et al. 2013). The
power input range reported in most of the studies published on plasma gasification
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during the last decade is between 0.6 and 118.8 kW with a variety of fuel waste such
as municipal solid waste, coal, and some industrial waste, being MCW the most used
plasma discharge technology (Sanlisoy and Carpinlioglu 2017).

Although up to now the main application of plasma gasification at industrial scale
focuses on the production of energy, recent application of thermal plasma gasifica-
tion can be found, for example, for the reformation of natural gas or the production of
hydrogen and H2-rich gases (Ismail and Ani 2015). The main advantage of both
conventional and modern plasma gasifiers is their ability to provide 100% elimina-
tion efficiency for contaminants derived from many different types of biomasses and
wastes including MSW, tires, plastics, etc., such as H2S, COS, SO2, NH3, HCN,
C2H, and C (solid) (Bosmans et al. 2013). Alternative processes, such as hybrid
system plasma–heterogeneous catalysis are under development due to the great
synergy potential that can be gathered by lowering activation energy via the catalyst,
enhancing the conversion of reactants, and providing increased selectivity and yield
to desirable products (Tu et al. 2017).

Some examples of thermochemical processes used to produce H2 from different
types of biomasses and wastes in the industry are summarized in Table 12.1.

Table 12.1 Hydrogen production by thermochemical conversion of biomass and waste at indus-
trial scale

Company Process/technology Feedstock Product/end use

OEN Wet slow pyrolysis Tires, plastic wastes, waste
oil, residual biomass

Syngas + char for
cogeneration of power
and heat

Open MS with
Blue Plasma
Power S.L.

Catalytic plasma
hydrogasification
HGCP

Wood chips and waste Power and liquid fuels

Sierra Energy FastOx gasification MSW and other waste
resources

H2 and syngas for fuel
cellsFixed bed; Steam &

O2

Eco Energy
International
(EEI)

Bio-reformation
with CO2 capture
with carbonates

MSW, biomass, biogas,
landfill gas, methanol, eth-
anol, and sugars

H2 for existing H2 con-
sumer customers

BFR process

Northumbrian
Water

Microbial electro-
lytic cells (MICs)

Domestic wastewater H2

PowerHouse
Energy

ACT system End-of-life plastics H2 for end user

Distributed modu-
lar gasification
(DMG)

Enerkem Gasification Nonrecyclable waste
including plastics

Eco-methanol

Advanced
Plasma Power

Gasplasma® MSW and mixed wastes Syngas for further
processing

Strebl Energy™ COOL PLASMA™
Gasification

Waste Syngas for electricity,
liquid fuels, and spe-
cialized chemicals
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(ii) Syngas Upgrading: WGS Reaction and Advanced Systems

Depending on fuel and gasification technology, contents of CO and H2 in the
syngas usually range from 60 and 15 to 20 and 45 (vol%), respectively, being the
higher H2 concentrations obtained when steam gasification is used (Rauch et al.
2014). When it is desired an increase in syngas hydrogen content, WGS allows the
conversion of the CO present in the syngas into additional H2 and CO2 in presence of
excess steam and a specific catalyst. This chemical reaction can be expressed as
follows:

COþ H2O $ CO2 þ H2 ΔH
� ¼ �41kJ=mol

� � ð12:1Þ

The common practice in the industry is to carry out the water–gas shift reaction in
two consecutive steps. The first one is at high temperature (300–400 �C) using Fe–
Cr-based catalysts which allows the reduction of CO contents to 10%–3% vol
(HT-WGS), followed by a low-temperature step (200–300 �C) using Cu–Zn-based
catalysts to completely convert the CO into H2 and CO2 (LT-WGS).

Some traditional examples of processes involving this reaction include coal
gasification processes, H2 production for ammonia synthesis, or other industrial
processes such as hydrotreating of petroleum stocks. More recently, it has been
used in biomass gasification integrated with CO2 capture processes for high-purity
hydrogen production (Detchusananard et al. 2018). One real example of this one is
the IGCC Plant of Elcogás at Puertollano (Spain), which in 2004 launched the
construction of a demonstration pilot plant of 14MWth for the capture of CO2

with production of H2. The main gasifier was a Prenflow entrained flow type, and
the pilot plant was fed by a 2% slipstream of the main plant. A continuous
production of 2 ton/d of H2 was demonstrated using one-step high-temperature
commercial WGS reactor followed by a PSA unit for the final purification of the
produced hydrogen (Casero et al. 2014).

For most of the final applications of H2 produced from biomass gasification, the
development of highly active, stable, and sulfur-tolerant catalysts for the WGS
reaction is usually required. Iron–chromium oxides are the most often used catalyst
for high-temperature WGS reaction, and its suitability for the upgrading of biomass
gasification syngas has been demonstrated at pilot scale (Maroño et al. 2010; Rauch
et al. 2015). However, the limited resistance to poisoning in presence of sulfur
compounds and the environmental and safety problems related to the use of chro-
mium compounds in the catalysts (De Araújo and Do Carmo Rangel 2000) has
promoted extensive research and developments during the last decades. Some of the
strategies followed since the early 1990s included the use of highly active and sulfur-
resistant catalysts based on platinum (Maroño et al. 2008) and platinum-supported
bifunctional catalysts (Panagiotopoulou and Kondarides 2007; Haryanto et al. 2007;
Querino et al. 2005) or the development of sour WGS catalysts based on cobalt or
cobalt–molybdenum (Beavis et al. 2013; Hakkarainen et al. 1993; Mellor et al.
1997), which avoid the need to use a desulfurization unit.
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More recent developments focus on integrated approaches that combine the WGS
reaction with the separation in situ of one of the products, CO2 or H2. Those
approaches include the sorption-enhanced WGS (SEWGS) reaction and the water–
gas shift membrane reactor (WGS-MR). Main principle underlying those two
technologies is the same: to exceed CO conversion rate above the equilibrium by
the continuous removal of one of the products from the reaction media. In the case of
the SEWGS process, a high-temperature sorbent is used to capture CO2 and increase
CO conversion to H2. Suitability of different types of solid sorbents has been
investigated during the last decade, including dolomites, sepiolites, and pillared
clays such as hydrotalcites (Maroño et al. 2014a). Suitability of this technology
has been already demonstrated at pilot scale for pre-combustion decarbonization of
power production by IGCC using a potassium promoted hydrotalcite material as
sorbent, which showed also good catalytic activity for the water–gas shift reaction
(van Dijk et al. 2011). Recent approaches include the study of different configura-
tions WGS catalyst/CO2 capture sorbent (Maroño et al. 2015) or the preparation of
sour bifunctional sorbents for their use in SEWGS applicable to H2 production with
CO2 capture by steam gasification of different biomasses (Torreiro et al. 2017).

The concept of water–gas shift membrane reactor brings together the production
of H2 by a high-temperature WGS catalyst and its simultaneous removal from the
reaction media by means of a hydrogen-selective membrane. The presence of the
membrane avoids the need of a second WGS reactor at low temperature and the
additional hydrogen separation unit reducing equipment costs and increasing process
efficiency (Brunetti et al. 2017). Application of WGS-MR technologies to hydrogen
production by biomass/waste gasification processes is still under development, and
extensive experimental works regarding membrane reactor configurations can be
found in literature, which will be described later in detail in a specific section of this
chapter.

(iii) H2 Separation/Purification

The final step in the production of hydrogen by biomass and/or waste gasification
is the separation/purification of the produced H2. In general, after the upgrading of
the syngas via WGS or the reforming of tars, in order to obtain a pure stream of H2, it
is necessary to selectively separate it from a CO2-rich gas stream. Different techno-
logical approaches can be followed to reach pure H2 streams. Two main groups can
be proposed: adsorbents (generally in PSA units) and membranes.

PSA is a commercially available technology that is employed to separate gas
species from a mixture of gases under pressure. The technology dates from the
1950s, and it is based on molecular sieves, where sorbents of specific pore diameter
allow the separation of different-sized molecules. This makes the manufacture or
selection of tailored sorbents for each targeted molecule the most critical part of the
technology (Sircar and Golden 2000; Elseviers et al. 2015; Voss 2005). The princi-
ples of performance of PSA consist of a cycling mode of sorption/desorption: by
swinging the pressure from high to low, it is possible to adsorb all non-desired
molecules at the higher pressure and then release them at the low pressure. This
procedure gives the name to the technique.
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The main advantage of PSA for the purification of H2 is that it can remove
impurities to a required level providing very high levels of H2 purity. Nowadays
main industrial application of PSA technology for H2 separation/purification takes
place at refineries, which amount for about 65% of the installed PSA systems,
followed by steam cracker applications (about 15% of the total) (Grande 2012).
Other niche applications such as the production of H2 with or without a by-product
(CO2 from steam methane reforming off-gas, SMR-OG) or PSA processes for direct
production of ammonia synthesis gas (from SMR-OG) are also significant (Boon
et al. 2015a). Moreover, in addition to typical integration of PSA units in the plant
structures (e.g., combination of steam reformer and H2–PSA), more complex com-
binations are possible to optimize the overall process performance flexibility and
automation (Baker 2002). An example is demonstrated in its recent application to
SEWGS processes (Gupta and Lapalikar 2016).

Membranes and membrane reactors are the other main group of technologies that
can be used for the final separation/purification of H2 produced by biomass or waste
gasification. Membranes are physical barriers that allow one specific component
from a mixture to selectively pass through to the permeate side retaining the
non-permeable components at the retentate side. Membrane separation technology
has been extensively applied in many industries including not only separations in
gaseous phase (Dhineshkumar and Ramaswamy 2017) but also in water treatment
processes (Thanuja et al. 2018), food industry (Scott and Scott 1995), or drug
delivery (Perry et al. 2006), among others.

In the specific case of hydrogen, membrane separation systems can be made of
different materials including a polymer or a metallic or ceramic material (Yun et al.
2011a). Generally, they use pressure as driving force, and the permeation mecha-
nism through a membrane is strongly dependent on the membrane material and
design. In the case of polymeric membranes, for example, which are usually made of
microporous materials, the separation of gas species takes place following a molec-
ular diffusion transport mechanism determined by the pore diameter and particle size
of the membrane material (Mivechian and Pakizeh 2013). As for the selective
separation of H2, nonporous dense metallic membranes are of special interest as
permeation of H2 takes place following the solution–diffusion mechanism, which
means that the molecule of H2 is dissociated into atoms at the membrane surface and
they pass through the metal layer being recombined again into H2 molecules at the
other side of the membrane (Yun et al. 2011a).

Compared to PSA, membranes are easily scalable, and they can operate in
continuous mode which has the potential to reduce costs, improve efficiency, and
simplify the process achieving high hydrogen recovery and purity at the same time
(Maroño et al. 2014b). However, they also present some limitations such as their low
tolerance to contaminants present in the gas or their mechanical resistance, which are
still open fields of research (Nikoli and Kikkinides 2015). Advanced hydrogen
separation systems based on reaction, adsorption, permeation, or a combination of
them include the development of hybrid catalyst–sorbent–membrane systems,
hybrid PSA–membrane systems, and significant improved membrane reactor con-
figurations (Ruan et al. 2016).
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Description of the principles for dense metal membrane performance, advances in
membranes and membrane reactors, and main developments towards their applica-
tion to hydrogen production from biomass and waste thermochemical conversion are
detailed in the following sections.

12.3 Pd Membranes in Waste and Residual Biomass
Valorization

Most technologies for waste and residual biomass valorization by hydrogen produc-
tion require some additional purification steps since it is generated usually together
with other subproducts such as carbon dioxide, carbon monoxide, methane, or water
vapor, among others (Balat and Kırtay 2010; Yin and Yip 2017). In this context, the
use of selective membranes represents a very promising alternative for an effective
separation of these impurities at reasonable cost, independent of the biorefinery
capacity (Coutanceau et al. 2018; Alique 2018; Bakonyi et al. 2018). Usually,
these membranes can be selected for high permselectivity towards hydrogen
(Adhikari and Fernando 2006; Li et al. 2015) or carbon dioxide (Salehi et al.
2017; Ali et al. 2019) because they are majority in the product stream. Considering
all the abovementioned possible impurities, the first option is preferred in case of
using this hydrogen for generating electricity in fuel cells in order to guarantee an
adequate ultrahigh purity of the product (Zornoza et al. 2013; Mei et al. 2018). These
H2-selective membranes can be formed by a wide variety of materials, including
polymers (Zhao et al. 2018a; Rezakazemi et al. 2018), zeolites (Mei et al. 2018;
Mabande et al. 2004), metal–organic frameworks (Jin et al. 2016; Adatoz et al.
2015), mixed-complex metal oxides (Hashim et al. 2018; Aykac Ozen and Ozturk
2019) or metals (Zhao et al. 2016; Rahimpour et al. 2017), as well as mixed-matrix
structures by combination of diverse materials (Strugova et al. 2018). The selection
of an adequate material is still under study, and the best option for any application
has not been agreed. Thus, different materials have been proposed for diverse
particular applications attending to gas composition, operating conditions (mainly
pressure and temperature), and final required purity of hydrogen (Brunetti et al.
2011; Lu et al. 2007). However, Pd-based membranes stand out between their
competitors because of their excellent permeability and potential complete selectiv-
ity for hydrogen at high temperatures (Arratibel Plazaola et al. 2017; Tosti 2010;
Alique et al. 2018), being possible to be used as independent separators (Kiadehi and
Taghizadeh 2019; Wang et al. 2006; Martinez-Diaz et al. 2019) or combined with
any catalyst just in the reactor, providing additional benefits (Tosti et al. 2008;
Rahimpour et al. 2017; Basile et al. 2013).

In the following sections, the most recent advances of Pd-based membranes for
hydrogen production have been summarized, including last trends in membrane
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manufacturing and distinguishing particular applications of these membranes for
independent purification units from the use of real membrane reactors for valoriza-
tion processes.

12.3.1 Recent Trends in Pd Membrane Manufacturing

It is widely known that Pd-based membranes are typically classified into self-
supported (Santucci et al. 2013; Moriani et al. 2018) and composite structures, in
which a palladium film is deposited onto a porous support (Melendez et al. 2017a;
Alique et al. 2016). The second alternative is prevalent in order to achieve important
benefits such as material savings and increasing permeate fluxes (Yun et al. 2011b;
Deveau et al. 2013) without compromising the mechanical resistance of the mem-
brane (Alique et al. 2018; Al-Mufachi et al. 2015). Theoretically, the preparation of
progressively thinner Pd layers helps to save money due to the high cost of
palladium, and it simultaneously increases the permeability of the membrane (Peters
et al. 2011a). Most researchers have adopted this strategy, although the cost of using
complex supporting materials or manufacturing processes could overcome the
palladium film itself (Alique 2018; Alique et al. 2018). Thus, selection of adequate
supporting materials and development of better membrane compositions and
manufacturing process are of key importance to commercialize these membranes
in real industrial processes.

Composite Membranes: Support Selection

Diverse materials have been proposed to be used as support for preparation of
composite membranes, although two main groups can be distinguished: i) technical
ceramics and ii) porous metals. The first group provides excellent properties in terms
of chemical and thermal resistance, as well as surface quality with a very smooth
surface and narrow pores (García-García et al. 2012; Arratibel et al. 2016). These
supports include multiple materials such as alumina (Boon et al. 2015b), silica (Van
Gestel et al. 2014), zirconia, or YSZ (Lewis et al. 2013), among others. However,
their fragility and thermal expansion coefficient, significantly different to that of
palladium, limit their industrial use in practice (Alique et al. 2018). On the contrary,
porous metals offer exceptional mechanical resistance and handling, making them
very attractive for industrial applications, while simultaneously exhibiting a thermal
expansion coefficient very close to that of palladium so the membrane stability
against thermal stress is guaranteed (Mateos-Pedrero et al. 2010; Hwang et al.
2017). Despite these benefits, the use of metal supports also presents some relevant
drawbacks. The rough surface with presence of large pores that makes difficult the
incorporation of thin layers is maybe one of the most relevant ones (Alique et al.
2016), as well as the possible metal interdiffusion between both support and
Pd-selective film when the membrane operates at high temperatures for long times
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(Pujari et al. 2014; Han et al. 2017). This group includes diverse sintering metals,
mainly 316L stainless steel (SS) (Sanz et al. 2011; Pinacci and Drago 2012; Tarditi
et al. 2017), Hastelloy® (Ryi et al. 2010), and nickel (Ryi et al. 2008), with diverse
media grade, properties, and cost. Table 12.2 collects some of the most relevant
properties for alternative materials reported in the specialized literature for
supporting palladium membranes. As it can be deduced, the wide variety of param-
eters involved in the selection of the material together with multiple particular
conditions in which the composite membrane will be used makes the decision really
difficult. In fact, a prevalent solution is not reached up to now (Alique et al. 2016).

In many occasions, the raw support is not directly used for the membrane
preparation, and different treatments have been previously carried out in order to
improve the adherence or the future membrane performance. An initial deep
cleaning is always carried out to ensure the complete removal of any dirt, grease,
and oil, coming from the sintering of the support material. This first step usually
consists of successive washings in diverse solution, including diluted acid and
alkaline solutions as well as organic solvents like acetone or alcohols (Alique
2018). After that, a chemical etching with any strong acid solution can be also
applied in order to improve the adherence of the palladium film, as suggested in
previous works of Mardilovich (1998), Li (2007), and Kim et al. (2015). However,
the most frequent treatments are focused on modifying the surface properties of the
porous substrates for making the preparation of thin Pd films easier, especially in
case of considering a metallic one. Despite being possible to polish the raw surface to
achieve this effect (Ryi et al. 2008), the incorporation of any intermediate layer
between the porous support and the palladium film is the preferred alternative
(Mateos-Pedrero et al. 2010). In this manner, the main benefits of using both
technical ceramics and metals as supporting materials can be combined, avoiding
fragility, resistance to handling, poor surface properties, and possible metal interdif-
fusion at the same time (Alique 2018; Alique et al. 2018). In fact, most of technical
ceramics considered as potential supports have been also proposed as suitable

Table 12.2 Main properties of diverse materials frequently used as support for Pd composite
membranes

Category Material
Thermal expansion
coefficient (μstrain/�C)

Average
porosity (%)

Average pore
size (μm)

Technical
ceramics

Al2O3 4.50–8.30 30–55 5�10�3
–8�10�1

SiO2 0.73–0.76 30–40 1�10�3
–1�10�2

TiO2 8.40–10.80 30–55 1�10�3
–8�10�1

ZrO2 6.00–8.80 30–55 3�10�3
–

1.1�10�1

YSZ 11.10–11.50 30–55 3�10�3
–

1.1�10�1

Porous
metals

AISI 316L
SS

15.00–18.00 20–25 1�10�1
–2�102

Hastelloy® 13.70–14.40 20–25 1�10�1
–1�102

Nickel 13.00–15.00 – –
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interlayers, especially in case of presenting a similar thermal expansion coefficient to
that of palladium as occurs for YSZ (Huang and Dittmeyer 2007; Calles et al. 2014)
and CeO2 (Martinez-Diaz et al. 2019; Ryi et al. 2014) materials. Figure 12.6 collects
diverse micrographs of the external surface for different materials and techniques
typically used for preparing composite Pd-based membranes. As it can be appreci-
ated, a wide variety of morphologies can be found despite most of them having been
satisfactorily used as supporting materials. Figure 12.6a, b, corresponding to Al2O3

and PSS supports, evidences the abovementioned differences between typical
ceramic and metallic substrates. The narrow pore size distribution with small pore
mouths obtained on the alumina smooth surface (Fig. 12.6a) clearly differs from the
rough one observed for PSS, in which a wide variety of large pores up to a few
microns appears (Fig. 12.6b). This irregular surface can be plastically deformed by
mechanical polishing (Fig. 12.6c) or modified by incorporating an intermediate
ceramic barrier (Fig. 12.6c). In both cases, original porosity and pore size distribu-
tion drastically change, being necessary to optimize these parameters in order to
maintain a suitable permeability of the porous media, avoiding permeation fluxes
below the values defined as technical targets by the Department Of Energy (DOE)
for a competitive industrial implementation (Advanced Hydrogen Transport Mem-
branes for Coal Gasification n.d.).

Fig. 12.6 SEM micrographs for different materials and techniques typically used for preparing
composite Pd-based membranes: (a) raw Al2O3 support (reproduced from (Wu et al. 2010)), (b) raw
PSS support, (c) polished PSS support, and (d) YSZ intermediate layer onto PSS
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Membrane Composition: Binary and Ternary Alloys

Great efforts are also directed to replace the pure palladium by diverse alloy
formulations as selective layer in composite membranes for H2 separation. This
strategy has been mainly applied for years in binary alloy formulations of palladium
with silver (Chen et al. 2016), copper (Zhao et al. 2015), or gold (Patki et al. 2016),
although new alloying metals and ternary formulations are under investigation in the
last years (Conde et al. 2017). All of them can be prepared by diverse techniques,
although a final thermal treatment at 500–600 �C for several hours is always required
to form the final alloy (Gade et al. 2009a; Zeng et al. 2012; Sumrunronnasak et al.
2017). The concrete conditions for this annealing are crucial to achieve a homoge-
neous composition of the alloy, especially in radial direction for thickness of several
microns.

PdAg alloys are the most widely reported ones in the literature, especially in case
of containing around 23% silver. At these conditions, the PdAg alloy exhibits a
maximum permeability that doubles the value reached with pure Pd while signifi-
cantly improving its resistance to suffer hydrogen embrittlement (Wald et al. 2016).
This process could cause a dramatic fail of the membrane due to the formation of α-
and β-crystalline structures for the H2–metal hybrids at temperatures lower than
298 �C (Yun and Ted Oyama 2011). Additionally, the partial replacement of a
certain amount of palladium by silver in the selective film also contributes to reduce
the final cost of the membrane (Tarditi et al. 2017; Chen et al. 2016). Despite the
clear advantages of these membranes in the face of pure Pd films, their permeation
behavior is almost the same in case of feed streams containing sulfur compounds, as
usually occurs in many industrial processes for waste valorization (Arratibel
Plazaola et al. 2017; Nayak and Bhushan 2019). Any small sulfur concentration
from a few ppm rapidly provokes a drastic reduction on the H2 flux through the
membrane and formation of pinholes that could provoke a structural failure of the
membrane with time (Braun et al. 2012). Moreover, in most cases this effect is not
reversible. To avoid the membrane deterioration at these conditions, binary alloys of
palladium with copper (Zhao et al. 2015; Jia et al. 2017) or gold (Zhao et al. 2016;
Patki et al. 2016) have been proposed in the literature. Pd–Cu alloys exhibit a
maximum permeability for a copper content of 40%, reaching similar values to the
obtained ones for pure Pd films with a significant cost decrease (Zhao et al. 2015; Jia
et al. 2017). Moreover, this alloy prevents the irreversible damage of the membrane
when operating in presence of sulfur compounds, maintaining a reasonably good
mechanical integrity (Zhao et al. 2015). The main drawback of these membranes is
the rapid decrease in permeance when some slight deviation from the ideal Pd60Cu40
composition is given, even if feed does not contain sulfur compounds. Similar
benefits in terms of sulfur tolerance can be reached if palladium is alloyed with
gold with an optimal composition not still completely defined. In fact, most
researchers obtained suitable H2 permeabilities with a wide gold content, ranging
from 1 to 20%, while it decreases for higher values (Patki et al. 2016; Tarditi et al.
2013). However, the use of gold does not help to reduce the elevated cost of
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palladium, and these PdAu membranes are still out of market unless the presence of
sulfur compounds justifies their use.

Beside the abovementioned binary alloys, other possibilities have been also
explored in the past, including the combination of palladium with other metals
such as platinum (Lewis et al. 2013) or ruthenium (Gade et al. 2009b), among
others. Nevertheless, the formulation of ternary alloys with multiple combination of
elements seems to be most promising alternative for the present and coming years,
since it combines simultaneously the improvements of each constituent (Braun et al.
2012; Fontana et al. 2018; Tarditi and Cornaglia 2011). However, detailed studies
about the synthesis of ternary alloys are still scarce. First works suggest that
particular compositions seem to reach an additional improvement on the membrane
properties as compared to binary alloys, in terms of increasing hydrogen permeabil-
ity and/or chemical resistance (Al-Mufachi et al. 2015; Tarditi et al. 2017; Lewis
et al. 2014). It is possible to improve not only the membrane permeability but also
the mechanical and chemical resistances to sulfur poisons by alloying palladium
simultaneously with two or more other metals, while the overall cost of the mem-
brane is simultaneously reduced by using cheap alloying metals (Braun et al. 2014).
Some interesting studies can be found in that regard for membranes prepared by
electroless plating (ELP) (Fontana et al. 2018) or physical vapor deposition (PVD)
(Peters et al. 2011b). Table 12.3 collects some relevant information for key recent
studies, including metal incorporation technique, alloy composition, thickness,
annealing conditions, and membrane performance. In general, PVD membranes
offer a wide variety of possibilities for studying new alloy formulations, being
possible to adjust accurately the final composition, at the expense of the costs. On
the contrary, ELP technique provides a cheaper alternative to prepare alloyed
membranes, but only a few metals can be considered, additionally appearing some
problems to ensure a good homogeneity in axial and/or radial dimensions (Alique
et al. 2018; Pinacci and Basile 2013).

Innovative Manufacturing Processes

Different routes can be used for incorporating a H2-selective layer onto a porous
substrate, independently of being formed by pure palladium or any Pd-based alloy,
mainly including chemical vapor deposition (CVD) (Huang et al. 1997), electrode-
position (EL) (Sumrunronnasak et al. 2017; Chen et al. 2008), physical vapor
deposition (PVD) (Navinšek et al. 1999; Mattox and Mattox 2010; Peters et al.
2015), or electroless plating (ELP) (Kiadehi and Taghizadeh 2019; Zhang 2016).

PVD alternative is worth mentioning in case of searching novel alloy composi-
tions, as previously discussed in Sect. 12.3.1.2, although the high cost of this
technique and complex equipment limit its use for a potential scale-up for the
industry (Alique 2018). PVD technique basically consists of incorporating metal
particles onto a substrate from a vapor phase without any chemical reaction
(Jayaraman et al. 1995). This metal vapor phase is generated by thermal evaporation
at vacuum conditions (Mattox and Mattox 2010) or, more usually, magnetron
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sputtering, in which a metal target is bombed with ions of high energy, generating a
plasma (Checchetto et al. 2004). Currently, the research group headed by
R. Bredesen in SINTEF is the most relevant one in preparing Pd-based membranes
by PVD. They have multiple manuscripts and patents describing a unique membrane
preparation process in which the selective film is firstly deposited by this technology
onto a silicon single crystal substrate and, subsequently, it is removed to be used as
an unsupported film or transferred to any other porous support, usually made on
stainless steel (Peters et al. 2015; Tucho et al. 2009; Mejdell et al. 2009).

On the other hand, ELP is the most promising one in terms of simplicity and cost,
being possible to cover complex geometries of both conducting and nonconducting
supports. For this reason, most researchers go for this alternative in their studies,
trying to improve the method for reaching very thin and homogeneous layers with
high reproducibility (Alique 2018; Alique et al. 2018). During last years, Pacheco-
Tanaka et al. developed the so-called pore-filled method, based on the conventional
ELP, to prepare mainly PdAg membranes by co-deposition (Tanaka et al. 2008;
Plazaola et al. 2017; Arratibel et al. 2018a). This alternative consists on the forma-
tion of the H2-selective film around ceramic particles placed just in the middle of the
support thickness. Figure 12.7 represents a simple scheme of the process, including
all steps involved for the preparation of a pore-filled membrane onto an alumina
support. First, an intermediate layer formed by ceramic particles (in this case, two
adjacent layers of TiO2 and ZrO2) is generated. These particles are activated with Pd
nuclei, and a new external ceramic layer (YSZ) is deposited on the top as protective
layer. Finally, the H2-selective film is deposited by vacuum-assisted ELP (VA-ELP)

Fig. 12.7 Scheme of the
experimental procedure for
obtaining pore-filled
membranes using a porous
α-Al2O3 support with
diverse intermediate layers
of TiO2 and ZrO2.
(Reproduced with
permission from (Arratibel
et al. 2018a))
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around the previously activated ceramic particles. In general, very thin selective
films can be reached with this technique, although some limitations related to the
inherent difficulty and cost of the process, as well as limited H2 permeability, were
also found. The number of nanoporous intermediate layers and the applied vacuum
level during the ELP were not directly related to the permeation properties reached
by these membranes. The authors explained this behavior by considering a non-well-
connected network in the palladium film across the ceramic intermediate layers. In
this manner, H2 molecules need to split and recombine several times along the
palladium clusters created throughout the porous media, and, consequently, the
permeation capacity is affected (Arratibel et al. 2018a).

Despite the limitations of pore-filled membranes, clear advantages are also
pointed out in contrast to conventional ELP membranes. In this context, the situation
of the H2-selective layer in the middle of a sandwich structure formed by multiple
ceramic layers is especially relevant. Thus, the position of the palladium film pro-
vides an additional protection against generation of mechanical stresses, influence of
possible pollutants presented in the feed stream, and direct contact of the film with
the catalyst particles. The last potential benefit could be certainly interesting in case
of operating in fluidized-bed membrane reactors, in which the contact between Pd
film and catalyst particles in movement could provoke important damages on the
membrane (Arratibel et al. 2018a). In this manner, the preparation of double-skin
membranes, in which the Pd-based film is deposited by conventional ELP or
VA-ELP between two ceramic porous layers, has been also proposed to achieve
similar advantages (Arratibel et al. 2018b, c).

Electroless pore-plating (ELP-PP) is another interesting alternative with an
objective quite similar to the pore-filled membranes, based on the formation of the
selective film just into the cavities of the porous support (Alique 2018; Alique et al.
2018; Sanz et al. 2012). In this case, the procedure is quite easier, feeding directly
both palladium source and reducing agent from opposite sides of the porous media
and forcing the chemical reaction to take place just inside the pores, thus avoiding
the necessity of incorporating complex or multiple ceramic layers (Sanz et al. 2012).
Moreover, this methodology ensures the formation of a fully dense Pd layer with an
unnecessary increase of the metal thickness, and it minimizes the number of rejected
membranes during the fabrication process. However, the Pd film is not entirely
generated inside the pores, and an external layer is also formed onto the side of the
porous support in contact with the plating solution. Figure 12.8 represents two basic
diagrams for comparison of the H2-selective film formation when using the conven-
tional ELP or ELP-PP methods.

The characteristics of the H2-selective film for ELP-PP membranes are deter-
mined by hydrazine concentration (Calles et al. 2018) and porous support properties,
mainly average porosity, pore size distribution, and external roughness (Martinez-
Diaz et al. 2019; Alique et al. 2016; Furones and Alique 2017). In this manner, it is
possible to reach diverse Pd thicknesses and metal distribution between top and
internal layers. These variations clearly affect the permeation capacity of the mem-
branes, and, despite obtaining an almost complete H2/N2 ideal selectivity, it is
pointed out the generation of an additional resistance to the H2 permeation due to
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partial infiltration of Pd inside the pores of the support (Sanz et al. 2013; Calles et al.
2018).

A. Goldbach et al. have proposed a new type of Pd-based membranes prepared by
ELP, denoted as duplex membranes, in which the porous substrate contains two
different H2-selective layers on each surface on both permeate and retentate sides
(Zhao et al. 2018b). The total Pd or Pd–alloy thickness of a traditional fully dense
layer is divided into these layers with near a half thickness, thus obtaining a
membrane with a similar total amount of palladium but distributed in a very peculiar
manner. In fact, it is not required that both layers become fully dense, and they can
contain several defects. However, despite the presence of defects, a really high H2

selectivity is reached, noticeably improving the current capability of traditional
membranes and also suppressing the mass transfer resistance caused by sweep gas
diffusion into the support of conventional composite membranes. Different paths for
permeation of H2 and N2 or other gas molecules through the new structure of the
membrane provoke this improvement. Figure 12.9 collects some schemes about the
membrane structure in comparison with a conventional one, as well as the shortest
permeation paths for H2 and N2 molecules through these membranes. As it can be
seen, permeation of H2 is almost the same in both cases because of a minimum
effective distance between both retentate and permeate sides, of course assuming no
additional resistances to the permeation process in gas phases and similar total Pd
thickness in both configurations. However, in case of analyzing the permeation of N2

Fig. 12.8 Comparison of the H2-selective film formation when using conventional ELP (a) or
ELP-PP (b). (Reproduced with permission from (Sanz et al. 2013))
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through membrane defects, important differences arise in both cases. For conven-
tional membranes with a single Pd layer, the permeation path of N2 could be similar
to that of H2 if the layer contains any defect. However, proposed by Goldbach et al.,
the probability of obtaining a similar permeation path for N2 with the duplex
structure drastically decreased, and, hence, the H2 selectivity is noticeably increased.

12.3.2 Membrane Behavior for Independent Purification
Units

Most of the research studies about Pd-based membranes include permeation tests in
independent purification units to determine H2 flux, permeance, H2 selectivity, or
other related parameters. These analyses are very useful to understand the real
behavior of the membranes at diverse operating conditions, mainly focused on
evaluating the effect of pressure, temperature, or gas feed composition.

Permeation is strongly dependent on pressure which is the driving force of the
process. In the case of the permeation of hydrogen using Pd-based membranes the
driving force is expressed as the difference between hydrogen partial pressures at
both sides of the membrane (retentate and permeate), and the flow of hydrogen
through the membrane can be obained following the general expresion:

(a) (b)

H

H

H

H2

H2
H2

H2

N2 N2

N2

N2

Pd Pd

Pd

Porous
ceramic

Porous
ceramic

Porous Ceramic
support

Pd layer

Porous Ceramic
support

Pd layer

Conventional ELP membrane Duplex ELP membrane

Fig. 12.9 Structure and permeation scheme for (a) conventional ELP membranes (with a single Pd
layer) and (b) duplex membranes with a double Pd layer on both internal and external surfaces of a
porous support. (Adapted from original images published in (Zhao et al. 2018b))
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JH2 ¼
kH2 Pn

H2,ret
� Pn

H2,perm

� �

t
ð12:2Þ

where JH2 is the hydrogen flux through the Pd layer, kH2 the hydrogen permeability,
t the Pd thickness, PH2 the hydrogen partial pressure in the retentate (subscript “ret”)
or the permeate side (subscript “perm”), and n an exponential factor ranging from 0.5
to 1 according to the rate-controlling step. In general, hydrogen diffusion though
bulk metal is the limiting step if the Pd film does not contain defects, adopting this
parameter the value n¼0.5 and denoting the expression as Sieverts’ law (Alique et al.
2018; Yun and Ted Oyama 2011). On the contrary, some deviations from this ideal
value can also arise in case of presence of defects in the Pd film or become relevant
additional resistances during transport in the gas phase or molecule dissociation/re-
association steps (n¼0.5–1), and they can be caused by the presence of defects or to
the hydrogen permeation process (i.e., problems in the gas phase diffusion or
hydrogen dissociation steps) (Caravella et al. 2014).

Recently, a particular deviation from this general trend has been presented for
ELP-PP membranes (Sanz et al. 2013; Calles et al. 2018). In these membranes, the
palladium is distributed between an external top layer onto a porous support, as usual
for most of composite membranes, and inside the pores. Therefore, an additional
resistance to the H2 permeation arises, becoming more important as the infiltration of
palladium inside the pore structure of the supports increases (Calles et al. 2018). This
effect is collected in Fig. 12.10, in which a simple scheme of the Pd distribution on
the porous support together with the permeation behavior of three ELP-PP mem-
branes prepared by using diverse experimental conditions (variation of the reducing
agent concentration) is shown. As it can be seen, it is clear that diverse synthesis
conditions affect noticeably the additional resistance to the H2 permeation but the
good linearity between permeate and pressure driving force is maintained in all
cases, in a similar way to that predicted by Sieverts’ law. This additional resistance is
presented as a minimum pressure driving force that needs to be overcome to initiate
the permeation process. Authors explain in detail this deviation from the ideal
permeation behavior of Pd-based membranes by assuming a clear effect of Pd
introduction grade into the pores of the support on the abovementioned resistance.
Thus, the membrane prepared with the highest hydrazine concentration
(CN2H4 ¼ 1.00 M) contains the thickest Pd top film and a relative low infiltration
grade inside the pores, showing the lowest permeation resistance. This fact evi-
dences a slight contribution of diffusional effects derived from the presence of Pd
inside the pores. On the contrary, the ELP-PP membrane prepared with the most
diluted hydrazine solution (CN2H4 ¼ 0.05 M) shows a really high infiltration of Pd
inside the pores with a top layer significantly thinner than the estimated one by
gravimetric analysis. Hence, the real pressure difference between both sides of the
palladium film is noticeably different to that of the measured one on both gas phases,
and hence the highest resistance is obtained. Taking into account this particular
behavior, the authors stated that a hydrazine concentration of CN2H4 ¼ 0.20 M
provides an intermediate situation, allowing the reduction of the amount of Pd used
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during the preparation of the membranes while keeping metal infiltration inside the
pores within acceptable values.

The hydrogen flux can also be affected by other factors such as permeation mode
or gas feed composition. The presence of certain molecules in the feed stream can
decrease the permeate flux due to dilution effect of inlet stream, concentration–
polarization effect, or competitive adsorption on the membrane surface (Yun and
Ted Oyama 2011). The presence of any molecule apart of hydrogen in the feed
provokes a dilution of the stream and, hence, a decrease on the driving force
obtained. However, this effect can be easily corrected if real hydrogen partial
pressures are calculated. The dilution effect is typical for gas mixtures containing
inert molecules such as helium, nitrogen, or carbon dioxide, which usually present a
minimum interaction with the palladium film (Yun and Ted Oyama 2011). However,
despite the absence of interaction between these molecules and the Pd layer,
particular operating conditions could make relevant the well-known concentration–
polarization effect by which hydrogen concentration in the gas phase near the
membrane surface drastically drops in comparison with the bulk gas (Nekhamkina
and Sheintuch 2016). Therefore, concentration of non-permeable species increases
in the gas volume immediately adjacent to the membrane surface, thus reducing real
driving force and overall performance of the permeation process (Catalano et al.
2009; Steil et al. 2017). Despite this effect always occurring, it is especially relevant
in case of preparing ultrathin Pd layers and/or reaching inlet gases first the porous
substrate and then the selective film (Caravella et al. 2008, 2014). Additionally,

Fig. 12.10 (a) Scheme of
palladium incorporation on
the PSS support by ELP-PP
and (b) permeation behavior
for ELP-PP membranes
prepared with diverse
hydrazine concentrations.
(Adapted from original
images published in (Calles
et al. 2018))
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certain compounds can also be adsorbed on the metal surface, thus reducing the
number of possible active sites in which the hydrogen molecules can be split. It is
particularly noticeable in case of gas mixtures containing carbon monoxide, steam
water, or sulfur compounds, needing to be correctly addressed when working with
real industrial streams (Cornaglia et al. 2015; Kurokawa et al. 2014; Dunbar and Lee
2017). This effect can be partially mitigated by adjusting the operating conditions of
the purification unit (pressure, temperature, or residence time), preparing new alloy
formulations in which this adsorption is hindered, or incorporating any protective
layer that prevents contact between certain molecules and the selective layer surface
(Abate et al. 2016).

Temperature has also an important effect on the hydrogen flux due to the
membrane permeability (kH2) varying with this parameter following an Arrhenius-
type dependence (Dunbar and Lee 2017; Gallucci et al. 2007), as expressed in
Eq. 12.3:

kH2 ¼ k0H2
e � Ea

R Tð Þ ð12:3Þ

Typically, the activation energy for palladium membranes ranged from 7 to 30 kJ
mol�1 (Sanz et al. 2011; Ryi et al. 2010). However, the apparent activation energy
can significantly vary in alloy formulations with diverse composition, as suggested
by Patki et al. (Patki et al. 2018). They have recently presented a detailed study in
which several 4–5-μm-thick PdAu composite membranes with diverse gold content
were measured. Although a decrease on the activation energy value from
12.2 kJ mol�1 to 7.5 kJ mol�1 was observed for increasing contents in gold up to
21%wt, this trend changed for high contents in gold reaching a value of 9 kJmol-1
for 41 %wt Au. Authors attributed this behaviour to the contribution of the partial
enthalpy of solution of H into the PdAu alloy (ΔHH) and the activation energy for
diffusion of H in the alloy (ED) into the global apparent activation energy value
obtained. These two contributions have opposite signs that counteract each other and
cause a nonlinear trend with increasing Au compositions (Patki et al. 2018).

Finally, some basic concerns about hydrogen selectivity need to be also addressed
in this chapter. Despite in theory only hydrogen can permeate through a dense
Pd-based film, it is common that some residual amounts of other gases present in
the feed stream reach the permeate side. It can be basically explained by the presence
of micro-cracks or defects in the selective layer (Ryi et al. 2011; Zeng et al. 2009) or
problems with sealing (Arratibel et al. 2018c; Chen et al. 2010). These problems are
usually accounted as hydrogen selectivity, differentiating between ideal separation
factor and real H2 selectivity. The first parameter is obtained from permeate values
reached when the membrane is fed with hydrogen and any other gas, typically
helium or nitrogen, during independent permeation tests. It reflects the maximum
potential of the membrane for reaching pure hydrogen fluxes. This parameter is
calculated as follows:
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αideal ¼
JpermH2

Jpermi
ð12:4Þ

On the other hand, the real selectivity is calculated from the real molar fractions of
each compound in both permeate and retentate streams obtained in a single exper-
iment, feeding the membrane with a gas mixture. Thus, this second parameter
determines the membrane efficiency at real operation conditions with mixtures.

αreal ¼
ypermH2 =ypermi

yretH2=yreti

ð12:5Þ

12.3.3 Membrane Reactors for Valorization Processes

One of the most promising technologies to improve the current development of
industrial hydrogen production processes is the use of membrane reactors instead the
conventional scheme based on consecutive reaction and purification steps. These
systems provide separated hydrogen with a really high purity at the same time that it
is produced, hence shifting the equilibrium of main reactions involved in hydrogen
production towards the products. In this manner, it is possible to increase the yield of
these reactions or maintain a concrete value with softer operating conditions. In both
cases, it can be achieved significant savings for heating, pumping, or reaction
volume requirements, which pose the real implementation of devices with high
efficiency for large or limited production rates, equally. This fact, usually known
as process intensification, is of key importance to develop a distributed hydrogen
production grid against the current big-sized centralized industries. In this context,
numerous studies addressing the use of membrane reactors for hydrogen production
have been published during last years, also including residual biomass and waste
valorization processes (Basile et al. 2013; Sánchez et al. 2011).

Biogas upgrading to H2 is one of the primary technologies where the use of
membrane reactors demonstrated its advantages. The favorable H/C ratio of the
feedstock enhances the production of H2 with respecto to other subproducts as
carbon monoxide or carbon dioxide and, consequently, turning the H2 permeation
through the membrane easier (Gao et al. 2018). In this context, Iulianelli et al.
presented the use of a membrane reactor, in which a composite Pd/Al2O3 membrane
partially extracted the generated hydrogen by steam reforming of a synthetic biogas
mixture (Iulianelli et al. 2015). At the most favorable operating conditions
(T ¼ 450 �C, P ¼ 3.5 bar, H2O:CH4 ¼ 4:1, and GHSV ¼ 11000 h�1), the overall
conversion overcomes a 30% with a H2 recovery of around 70%, although the
generation of defects and pinholes on the Pd layer of the composite membranes
limited the purity of the permeate stream below 70%. On the contrary, the use of
milder operating conditions (T ¼ 380 �C, P ¼ 2.0 bar, H2O:CH4 ¼ 3:1, and
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GHSV ¼ 9000 h�1) significantly improved the mechanical resistance of the mem-
brane, reaching H2 purities of around 96%, although it was detrimental to the
reaction performance with modest conversion and hydrogen recovery values (27%
and 20%, respectively). A detailed study about temperature and pressure effects on
hydrogen production from biogas steam reforming in both conventional and PdAg
membrane reactor was also published by Vásquez Castillo et al. (Vásquez Castillo
et al. 2015). They observed a higher H2 production when a membrane reactor was
used at the same operating conditions (T, P) than a traditional one. Thus, a maximum
hydrogen yield of 80% was reached at T¼450 �C and P¼0.4 MPa on reaction side,
while the hydrogen recovery increased with increasing temperature and pressure in
case of testing the membrane reactor. More recently, Chompupun et al.
(Ramachandran et al. 2018) have explored the use of membrane reactors to improve
the steam methane reforming, also proposing interesting scale-up strategies. After
achieving a significant increase of the methane conversion with a MR in comparison
with a conventional PBR without any shift effect, different geometries for the
process scaling-up were evaluated, selecting a square annular honeycomb monolith
arrangement with provision for simultaneous heat supply and hydrogen removal.
This design provided the best effectiveness for the MR with a ratio between
membrane surface area and catalyst volume of 255 m2/m3. Niek de Nooijer et al.
also addressed the biogas SR but considering a fluidized-bed membrane reactor with
a ceramic-supported PdAg thin-film membrane (De Nooijer et al. 2018). They
reached hydrogen purities up to 99.8%, being possible to model the MR behavior
if some concentration–polarization effects are considered. Thus, a 0.54-cm-thick
stagnant mass transfer boundary layer around the membrane is considered to fit the
experimental results performed at temperatures in the range of 435–535 �C, pres-
sures between 2 and 5 bar, and CO2/CH4 ratios up to 0.9. On the other hand, Bruni
et al. have presented a comparison between a traditional scheme based on a PBR
followed by an independent membrane separator and an intensified one in which a
MR is considered in terms of both performance and energy efficiency (Bruni et al.
2019). The first configuration presented energy efficiency values in the range of
35–40% with T ¼ 720 �C, S/C ¼ 4, and P ¼ 3–10 bar, finding that hydrogen yield
was favored at higher pressures and S/C, although it was not significantly affected by
temperature. Very similar values were reached in case of using a membrane reactor
configuration but only if pressure overcomes 10 bar. These results confirmed that a
PBMR plant only achieves comparable performances to a traditional plant if it is
operated at high pressures, being the energy efficiency for both configurations
extremely similar. Di Marcoberardino et al. discussed a detailed techno-economic
assessment for hydrogen production from biogas in a MR under the umbrella of the
European project BIONICO (Di Marcoberardino et al. 2017, 2018). Two different
biogas compositions obtained from typical landfill or anaerobic digestion were
considered to assess the impact on overall system design, performance, and costs.
It was found that the latter alternative presents the lower overall costs as consequence
of the higher methane content. Thus, an average hydrogen cost production around
4 €/kgH2 was presented, being certainly competitive with the average cost when a
reference SR process is considered. In summary, the use of a MR configuration for
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biogas SR provides lower biogas and capital costs but higher electricity costs. A
similar techno-economic study has been presented by Lachén et al. for production of
high-purity H2 from biogas by dry reforming in a fluidized-bed membrane reactor
and steam–iron process (SIP) (Lachén et al. 2018). In this way, the integrated
process enhances energy efficiencies of every single process allowing values greater
than 45% and pure hydrogen yields up to 68% at 575 �C. However, the H2

production costs were calculated in the range of 4–15 €/kgH2, still certainly far
away from the fixed ones by DOE technical targets for year 2020 (2 US$/kg H2).

The production of hydrogen from bioethanol in membrane reactors is another
alternative widely reported in the literature. Seelam et al. explored this alternative by
feeding a MR containing a composite PSS–Pd membrane with
1C2H5OH:13H2O:0.18CH3COOH:0.04C3H8O3 (Seelam et al. 2012). After analyz-
ing diverse operating conditions, the best results obtained when using T ¼ 400 �C,
P ¼ 12 bar, and GHSV ¼ 800 h�1 reach a bioethanol conversion of 94% with
hydrogen yield and hydrogen recovery factor (HRF) around 40%. However, the
membrane was affected by chemical reactions, and, despite maintaining a hydrogen
purity of around 95%, a decrease on the permeate after each reaction test was
observed. This effect was explained by deposition of coke on the membrane surface,
thus causing a decrease of MR performance, mainly HRF. A similar feedstock was
used by Tosti et al. (2013a), also evidencing the potential of MR for producing
ultrapure hydrogen via oxidative reforming from liquid wastes of dairy industries.
Operating at 450 �C and 200 kPa with a Pt-based catalyst and a self-supported PdAg
membrane with a thickness of around 60 μm, it was possible to generate pure
hydrogen with a hydrogen yield close to 3, against the maximum theoretical value
of 5. Mironova et al. compared different catalysts in both traditional and membrane
reactors, remarking that the process intensification allows not only the production of
high-purity hydrogen but also an increase in the efficiency of SR process (Muraviev
et al. 2014). More recently, the research group headed by Basile has also worked on
this topic, publishing some interesting studies about the use of Pd-based membrane
reactors for bioethanol reforming (Iulianelli et al. 2016, 2018). In a first study, 98%
of ethanol conversion and more than 65% of hydrogen recovered in the permeate
side were reached as best results when operating with excess of steam at 400 �C, 3.0
bar, and GHSV¼ 5000 h�1. These values are slightly greater than the obtained ones
by supplying a stoichiometric feed (93% and 60%, respectively) or increasing the
GHSV (Iulianelli et al. 2016). A thinner membrane with only 5 μm thick was used in
other similar study but feeding a real bioethanol mixture coming from industry
(Iulianelli et al. 2018). In that case, an ethanol conversion of 60% was reached at
400 �C, 2.0 bar, and 1900 h�1, recovering almost 70% of the hydrogen generated
during the process with a purity improving higher than 99%. In this manner, besides
the generation of ultrapure hydrogen for possible PEM fuel cells supplying, the
ethanol conversion was increased around 20% with respect to the obtained one in an
equivalent traditional PBR. However, also a deterioration of the Pd-based membrane
was found due to the surface morphological variations and deposition of coke, as
represented in Fig. 12.11 together with a scheme of the MR used for the experimen-
tal campaign.
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The gasification of a solid feedstock, i.e., residual biomass, in a membrane reactor
has been also widely reported in the literature. Thus, Ghasemzadeh et al. have
demonstrated in a computational fluid dynamic modeling the better efficiency of a
membrane reactor containing a Pd–Ag membrane compared with a traditional
system, especially operating in countercurrent mode (Ghasemzadeh et al. 2018).
An almost complete biomass conversion was reached in the best operating condi-
tions after analyzing the influence of temperature, pressure, and steam/biomass ratio
with a H2 recovery around 70%. The same authors have also studied the valorization
of residual glycerol via steam reforming for producing pure hydrogen in both
traditional and membrane reactors, also finding a better performance for the second
configuration (Ghasemzadeh et al. 2019). The glycerol conversion was enhanced
from 10% to 64% in the MR, while CO selectivity was reduced from 99.0% to 7.5%.
Soria et al. compared four types of reactors including a traditional one, a membrane
reactor with H2 separation, a sorption-enhanced reactor with CO2 sorption, and a
sorption-enhanced membrane reactor with simultaneous H2 and CO2 extraction for
steam reforming of real bio-oils obtained by biomass fast pyrolysis (Soria et al.
2019). The last alternative, shifting the chemical equilibrium by extracting simulta-
neously both H2 and CO2, provided the best results with 97–99% of the maximum
theoretical yield for wheat or spruce bio-oil, respectively, and minimizing other
subproducts such as CH4, CO, or coke. Similar studies but also including experi-
ments at lab scale found insights in agreement. For example, Wang et al. demon-
strated good fitting between simulated and experimental data for glycerol steam
reforming in a PBMR in which different membranes were considered (Wang et al.
2018). In general, the membrane separation promoted the hydrogen production at
low temperatures, although the shift effect achieved with the membrane is very
sensitive to the temperature variation under different operating conditions. Thus, it is
essential to optimize the operating conditions to increase the hydrogen yield

Fig. 12.11 (a) Scheme of tubular membrane reactor used for bioethanol SR and external morphol-
ogy of the membrane before and after being used. (Adapted from original images published in
(Iulianelli et al. 2018))
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maintaining moderate energy consumption derived from increasing temperature or
pressure variables.

Some interesting studies addressing novel processes or types of wastes used for
the production of hydrogen from wastes are worth to mention. For example, Tosti to
be here included some of them due to their novelty or intrinsic problematic of wastes
used as feedstock for the generation of hydrogen. In this context, Tosti et al. (Tosti
et al. 2013b) employed for the first time a 150-μm-thick Pd–Ag membrane to
valorize olive mill wastewater (OMW), reducing original TOC and phenol concen-
tration by about 90% while producing around 2 kg tonOMW

�1 of pure hydrogen, in
addition to a useful syngas in the retentate stream. After improving the catalyst
formulation, it was possible to treat the OMW while increasing the hydrogen
production up to 3.25 kg tonOMW

�1 (Tosti et al. 2015). The main problem of these
valorizations is the economy of the process due to the large dilution of organic
compounds in the OMW. To take advantage of this large water excess, Tosti et al.
proposed a simultaneous steam reforming of OMW with methane, reaching a
significant savings in the economy of the treatment process (Tosti et al. 2016).
Rocha et al. (2017) also addressed this problem suggesting a simultaneous hydrogen
and carbon dioxide extraction during the steam reforming. It was stated that, in
perspective of valorizing the OMW from waste to energy, the use of a sorption-
enhanced membrane reactor with simultaneous H2 and CO2 removal provides a
hydrogen yield very close to the stoichiometric value at certain operating conditions.
These results significantly improved the achieved ones with an equivalent traditional
fixed-bed reactor. Saidi suggested a possible hydrogen production in a membrane
reactor by flare gas recovery gas processing plant located in Iran (Saidi 2018). The
results confirmed that the flare gas conversion and hydrogen recovery improve with
increasing the operating temperature, pressure, and sweep ratio because of increas-
ing the driving force for H2 permeation through the PdAg membrane selected for the
membrane reactor. The optimal operating conditions were fixed at 477 �C, 5 bar, 5 as
sweep ratio, and 4 as feed molar ratio for producing 12.7 kg/s of pure H2, while
greenhouse gas emission was reduced from 2179 kg/s to 36 kg/s. On the other hand,
Hassan and Dincer recently presented a comparative assessment of various gasifi-
cation fuels with waste tires for hydrogen production (Hasan and Dincer 2019).
From this study, they ensured 11.1 kW net power production from the combined
cycle when tires are used as the feedstock for the gasifier with energy and exergy
efficiencies of the overall system around 55% and 52%, respectively. However, in
this study the membrane reactor is only implemented for the WGS system, not
directly for the gasifier, although the use of a membrane reactor configuration for this
typical syngas upgrading has been also widely reported in many other studies, such
as the performed one by Barreiro et al. (2015).
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12.4 Conclusions and Future Directions

The limitation of energy resources, the negative environmental impacts of the
current energy system, and the increasing amount of wastes are promoting an active
search of attractive technological solutions. In this context, hydrogen is playing an
increasing role for the transition towards a more sustainable energy system, in which
it can be produced from a wide variety of feedstock, thus reducing dependence of
unstable regions. Moreover, most European countries include more and more the
reduction of the waste accumulation in landfills in their agenda about waste man-
agement strategies. The combination of both strategies for waste valorization via
hydrogen production has been demonstrated technologically viable by both biolog-
ical and thermochemical processes, although the scale-up at industrial level is still
limited due to economic profitability. Most of these processes generate the final
hydrogen by obtaining intermediate biogas or syngas, which could be also consid-
ered as final products in specific contexts. The spectra of wastes that can be used as
feedstock for their conversion into H2 are continuously growing up, but cleaning and
upgrading tasks required to obtain the target hydrogen purity needed for final
applications are still challenging. Pd-based membranes offer the opportunity to
cover these demanding requirements in flexible configurations for both small and
intensive production capacities with noticeable energy and cost savings with respect
to well-stablished technologies such as cryogenic distillation or PSA. Additionally,
these membranes can be combined with catalysts in a membrane reactor configura-
tion favouring the application of process intensification principles (i.e, reduction of
reaction volume requirements, heating or pumping, among others). Currently, these
advantages have been demonstrated by numerous studies in literature that address
the use of membranes and membrane reactors for hydrogen production/separation
applicable to steam methane reforming or syngas upgrading by WGS-MR. More-
over, significant research efforts are being placed in valorization of residual biomass
and diverse wastes through this technology.

The most relevant biochemical processes for hydrogen production, anaerobic
digestion, and dark fermentation are still emerging technologies, while biogas
upgrading is the most developed one at industrial scale due to their similarities to
traditional treatments of natural gas. However, in this case, the gas is generated by
anaerobic digestion from diverse wastes, and later this biogas is reformed to generate
hydrogen, thus representing a renewable route to be produced. Regarding the
production of hydrogen by thermochemical methods, pyrolysis and gasification
can be considered as the most developed ones, being commercially demonstrated
for a wide variety of feedstock also including residual biomass and wastes. Cur-
rently, most of these processes are directed to waste-to-energy or waste-to-heat
concepts, thus generating as main products electricity and heat, respectively. How-
ever, it is foreseeable to consider hydrogen as target product of some of these
processes, i.e., reforming of pyrolysis oils and upgrading of syngas coming from
gasification units. In both cases, hydrogen is generated together with other
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subproducts, so any posttreatments to adjust the hydrogen concentration such as
HT-WGS and LT-WGS and consecutive purification steps are always required.

Numerous studies address the advantages of using membrane separators and/or
membrane reactors for all these types of processes, thus obtaining a hydrogen stream
with a really high purity and reaching significant improvements on the hydrogen
yield when traditional reactions are replaced by membrane reactors in both fixed-bed
or fluidized-bed configurations. Main difficulty of these processes refers to ensuring
the mechanical resistance of the membranes at operating conditions for long time
periods, which may reduce the purity of the produced hydrogen due to the formation
of defects (pores or cracks) on the surface of the membrane. Development of new
alloy formulations and improved membrane preparation methods and their optimi-
zation are still under study to achieve resistant membranes with improved perme-
ability. In this context, the formulation of palladium ternary alloys (mainly with
silver, copper, or gold, among others) for the selective film seems to be an attractive
alternative, as well as the preparation of membranes with multiple intermediate or
H2-selective layers. In this context, the preparation of double-skin membranes has
presented excellent mechanical resistances against the selective layer deterioration
during operation inside a fluidized-bed membrane reactor, while duplex membranes
with a couple of H2-selective films ensure an extremely high H2 permselectivity
despite the presence of residual defects in any of these films. In recent years, also the
so-called electroless pore-plating has appeared as an attractive alternative to ensure a
good reproducibility during manufacturing of membranes also with high H2 selec-
tivity. However, most of these advances need to be applied at industrial scale for
detecting any possible additional problem prior to be commercialized. At this point,
also the reproducibility during membrane manufacturing processes is a key issue to
be addressed in most of the researches. Anyway, a great diversification of hydrogen
production processes and production capacities is the most probably future scenario,
and, under this perspective, the use of H2-selective membranes will be especially
relevant for independent separators and membrane reactors for process
intensification.
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List of Symbols

αH2/N2 Ideal separation factor between hydrogen and nitrogen
Ea Activation energy (kJ mol�1)
kH2 Hydrogen permeability (mol m�1 s�1 Pa�0.5)
k0H2 Hydrogen permeance (mol m�2 s�1 Pa�0.5)
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Kint Intra-particle diffusion coefficient
Ji Permeate flux of component i (i.e., hydrogen, nitrogen, etc.) (mol s�1)
n Exponent of pressure driving force in Sieverts’ law
P Pressure (Pa)
Pp,i Pressure of component i in the permeate side (Pa)
Pr,i Pressure of component i in the retentate side (Pa)
ηmem Membrane effectiveness factor
T Temperature (�C)
t Thickness (μm)
Xi Chemical conversion of component i (%)
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