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Preface 
A membrane is a selective interphase barrier between two contiguous phases 
controlling the transport of substances between the two partitions. Most membranes are 
used in separation processes for liquid and gaseous mixtures such as gas separation, 
reverse osmosis, pervaporation, filtration, and so on. The quest for constructing high-
performance membranes is a rising field with nevertheless many unsolved challenges 
ahead. Utilization of advanced functional membranes in food processing, sensors, 
medical devices, water treatment, separations, and industrial applications has provoked 
material scientist to develop membrane-based technologies. These processes are 
realistically diminishing energy cost and CO2 production. 

Advanced Functional Membranes: Materials and Applications aims to explore recent 
developments and applications of advanced functional membranes. The chapters 
discuss on a variety of functional membranes for energy, environmental, and 
biomedical applications, etc. Leading researchers and experts contributed book 
chapters. This book is a reference text that can be used by postgraduates, engineers, 
scientists, professors and policymakers working in the field of material science, 
polymer chemistry, engineering, environmental science, and industries. The work 
reported in the following 10 chapters are as follows: 

Chapter 1 describes the brief history of the membrane technology development for 
various applications including desalination, wastewater treatment and ion-exchange 
application useful in energy storage and conversion. It also gives a brief site on various 
membrane processes-based on the material choice, along with discussing the advanced 
polymer-based membranes for various applications. 

Chapter 2 discusses filtration mechanism and different polymeric materials used for 
development of MF and UF membranes. Membrane characteristics, separation 
mechanism thereby treating various types of wastewaters is also discussed in detail. 
The major focus is given to membrane fouling and their cleaning method to improve 
membrane workability and sustainability.  

Chapter 3 highlights the potential of different polymers for functional membranes in 
various applications such as water and gas separation, medical and emerging 
technologies including fuel cells, lithium-ions batteries, electroconductive, and 
optoelectronics. For each application, the polymer membrane technology (types, 
fabrications, mechanisms), the challenges, and the future direction are also reviewed.  

Chapter 4 discusses the membrane separation process, the structural modification of 
the membranes using biopolymers and green solvents, and the functionalization with 
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organic and inorganic materials. An improvement in the performance and anti-fouling 
characteristics of the membranes with adequate structural modification and 
functionalization was evidenced, which allows the process to meet the concepts 
involved in green technology.  

Chapter 5 emphasizes with recent developments and challenges in self-assembled 
membranes and their applications. It begins by identifying the methods to fabricate the 
membranes through self-assembly mechanism, followed by a discussion on different 
types of materials used to form these membranes, their applications, advantages and 
limitations.  

Chapter 6 highlights the various fabrication routes of polymeric/ceramic based porous 
membranes, having nano-/submicron-holes in their structures, and most importantly 
highlighting their applications in industrial and biomedical fields.  

Chapter 7 explains the recent advancement of functional membranes in the water 
purification. Modern technologies include membrane as a primary methodology in 
water treatment. The various sources and configurations of membrane materials, 
different applications on water treatment are discussed in detail.  

Chapter 8 enumerates the importance of membrane-based green energy generation. 
The application of membranes in the energy production, energy storage batteries are 
discussed elaborately. The development of membrane originated fuel-cell generation 
are also detailed.  

Chapter 9 overviews the different membranes present to attenuate CO2 from the 
atmosphere. Membrane/thin film technology has been conceded as the most appealing 
technology to mitigate CO2 due to its cost efficiency, low expenditure of energy as well 
as comprehensibility in operation. Efforts are inclined to disseminate the advantages, 
disadvantages, and forthcoming practicability of available literature reported to date.  

Chapter 10 describes the advanced functions of polymeric membranes for lab-on-chip 
technologies. The role of these membranes in each part of the sensors as modern data 
acquisition devices is also described. The chapter is divided into three sections that 
discuss membrane fabrication, molecular probes, and platforms for reading sensor 
devices. 

Highlights 
• Provides a comprehensive overview of advanced membrane technologies 
• Cutting-edge technology in advanced functional membranes 
• Challenges and perspectives are covered in each chapter 
• Significant contribution to the development and applications in this field 
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Abstract 

Membrane science and technology is increasingly playing an important role in 
maintaining environmental health. Polymer based membranes in particular show great 
potential in removing environmentally hazardous pollutants from the wastewater. 
Membrane technology has also been widely used for ground, surface and seawater 
desalination which is serving the humanity by providing high quality drinking water. 
Polymeric membranes have been categorized based on their pore size and their 
distribution which make them tailor made and innovative separation media namely, 
reverse osmosis, nanofiltration, ultrafiltration, microfiltration and forward osmosis. All 
these membrane process require high performing membranes as separation media. This 
chapter give detailed account of membrane preparation techniques, membrane modules 
and their applications in different fields. Further, the ideas covered in this chapter are 
fundamental to all membrane processes. Transport processes, membrane preparation, and 
flow separation effects are just few of the topics that have been studied. 

Keywords 

Membrane Technology, Polymer Membrane, Advanced Membranes, Functional Polymer  

Contents 

Polymer-Based Membranes ................................................................................ 1 

1. Introduction ................................................................................................ 3 

2. Definition of membrane, structure and morphology ............................. 5 

 EBSCOhost - printed on 2/14/2023 2:02 PM via . All use subject to https://www.ebsco.com/terms-of-use

mailto:sk.nataraj@jainuniversity.ac.in


Advanced Functional Membranes  Materials Research Forum LLC 
Materials Research Foundations 120 (2022) 1-42  https://doi.org/10.21741/9781644901816-1 

 

2 

3. Types of membranes .................................................................................. 5 

3.1 Dense membrane via solution casting method .................................... 6 

3.2 Symmetric porous membranes ............................................................ 7 

3.3 Asymmetric membranes ...................................................................... 7 

4. Preparation of porous membranes and control parameter .................. 8 

4.1 Solvent phase inversion technique ...................................................... 8 

4.2 Thermally induced phase inversion technique ..................................11 

5. Membrane separation process spectrum...............................................12 

5.1 Microfiltration ....................................................................................13 

5.2 Ultrafiltration .....................................................................................14 

5.3 Nanofiltration .....................................................................................14 

5.4 Reverse osmosis and forward osmosis ..............................................14 

6. Material choice for polymer based membranes ...................................15 

6.1 Synthetic polymer membranes ..........................................................15 

6.2 Biopolymer membranes .....................................................................18 

1.1 Polyhydroxybutyrate (PHB) ..............................................................18 

6.3 Membrane modules and types of modules ........................................20 

6.4 Plate and frame module .....................................................................20 

6.5 Spiral wound module .........................................................................21 

6.6 Tubular membranes (ceramic membranes) .......................................24 

7. Advanced polymer membranes ..............................................................26 

7.1 Block copolymer membranes ............................................................26 

7.2 Functional polymers-based membranes ............................................27 

7.3 FO membranes ...................................................................................27 

7.4 Polyelectrolytes complex membranes ...............................................28 

7.5 Polymer-based aerogel membranes ...................................................28 

8. Membranes for ground water treatment ..............................................29 

9. Polymer membranes in energy conversion and storage devices .........30 

Conclusions and future perspectives ................................................................31 

Acknowledgments ..............................................................................................31 

 EBSCOhost - printed on 2/14/2023 2:02 PM via . All use subject to https://www.ebsco.com/terms-of-use



Advanced Functional Membranes  Materials Research Forum LLC 
Materials Research Foundations 120 (2022) 1-42  https://doi.org/10.21741/9781644901816-1 

 

3 

References ...........................................................................................................32 
 

1. Introduction  

Today, the membrane technology is a front runner among several existing separation and 
purification technologies due to its rapid separation and purification characteristics and 
ease of adaptation. Membrane science and technology has been constantly evolving over 
several decades now. As it seem to always be the case, the membrane technology has also 
its origins in nature [1].  Early membranes were conceptualized by studying biological 
membranes and their functions as they have efficient mass transport properties. 
Membrane science and technology gained huge importance as one of the most important, 
useful and rapidly developing branches in engineering and industrial subject and is an 
expanding field finds wide applications in the field of research, development, engineering 
and manufacturing which includes synthesis of active pharmaceutical ingredients (APIs), 
dairy products, macromolecular separation, petroleum industry, desalination, 
water/ground water treatment, wastewater treatment applications, emerging pollutants 
removal, controlled-release of pharmaceutical formulations, gas separation, dialysis, 
artificial kidney etc. Hence, membrane science and technology connect different 
disciplines from manufacturing, separation, segregation to product recovery, solvent 
recovery and at the end waste treatment associated with all afore mentioned process steps 
via selective transportation of desired ingredients across membrane [2-4]. 

Membrane separation comprises with a variety of processes that can operate under a 
variety of physical circumstances and principles that can be adapted to separate miscible 
and/or immiscible natural components from a wide range of mixtures. Since, separation 
of selective component from mixture across membrane is purely physico-chemical in 
nature, the membrane's physical and chemical properties, along with the permeating 
components play crucial role in its separation efficiency. This influences the particular 
component transportation across the membrane more readily than other. Abundant 
available polymers have been adapted to prepare these membranes.  

Historically, membranes have been conceptualized following biological mimicking 
membrane found in living organisms. To suit the different conditions, all initial 
membranes have been developed using cellulose-based precursors. The first evolution of 
membranes were prepared and tested by Loeb and Sourirajan in early 1960s using 
modified Cellulose Acetate [5]. The polymers extensively used for membrane preparation 
can be sourced from commercial market or prepared from different polymerization 
fundamentals like addition, condensation or by the copolymerization processes. Design 
and application of task specific membrane with defined pore structures, morphology and 
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their transportation mechanism depends on the various factors such as precursor used, 
method followed and the mixtures to be separated. In such case, overall membrane 
performance can be achieved with careful selection of types of polymers used, 
classification of membrane to be prepared, parameters to be controlled to tune porosity 
and the engineering the membrane to workable membrane modules. These all steps are 
inter-dependent and integral to each other. Defined pore sizes, their shape and 
distribution across the membrane plays very crucial role in different separation 
mechanisms and membrane transportation qualities. In general, in porous membranes, 
separation of one component from the mixture may depend just on differences in 
diffusivity and rate of diffusivity. A solution-diffusion mechanism is used to move or 
permeate liquid across dense or non-porous membranes. In specific condition, the 
transportation or penetration of liquid through membrane is determined by the chemical 
structure and nature of the polymer, as well as the affinity of a liquid, and the selectivity 
is determined by the solubility and diffusivity ratios, respectively.  In dense membranes, 
the concentration and activity gradient in the provides the driving factor for liquid 
transport. However, in case of gas separation rate of gas diffusion of transportation can be 
influenced by increasing the upstream pressure, however pressure has a little effect on 
activity on the transportation of liquid phase.  

With overview of vast sea of literature and the technological report of offering different 
advantages with respect to technical, economical superiority, it is evident that the 
membrane technology has been very successful method over the other existing separation 
technologies or it is considered to be the main path that has been adapted for separation 
and purification applications at industrial scale. Membrane technology has gotten a lot of 
consideration in the last two decades as a result of the global water crisis. Special 
emphasis has been on using polymer-based membranes as tools in water management and 
wastewater treatment related environmental engineering. With enormous technological 
advancements over a period of time, membranes in both pristine and composite forms has 
shown extremely important adaptability behaviors to the specific application. This gives 
membrane technology an economical advantage when used at industrial scale. Even 
though membranes have been in existence for over five decades, the increasing water 
scarcity and the water-related pollutions is driving the growth of this particular 
technology at an average compounded annual growth rate (CAGR) of 8% and the US 
market alone for membrane market growth is forecasted at CAGR of 6%. In all, Polymer-
based membranes account for the majority of materials types employed in membrane 
preparation, as they are abundant in nature with simple preparation techniques to adapt, 
clean and engineer into different modules, that can be maintained well for its long 
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durability. Herein, the present chapter gives an overview of different polymer-based 
membranes prepared from different materials to their present applications.  

2. Definition of membrane, structure and morphology 

Membrane is as a semi-permeable barrier which selectively transport one or more 
component from the feed mixture. Semi-permeability nature of the membrane indicates 
its affinity for specific component of the mixture that can preferably be diffused or 
transported across the membrane. In general membrane can be prepared with different 
thickness and flexibility. Considering the end application and volume of mixture to be 
separated, polymer precursor, porosity required and the module suitable to handle the 
amount of feed can be optimized. The capacity of a membrane to control the penetration 
rate of a chemical species over the membrane is one of the key qualities utilized since 
membranes play such an essential role in chemical technology and are employed in a 
wide range of applications. The transportation properties of membrane are greatly 
influenced by feed conditions as well such as pH, temperature, operating pressure and the 
flow rates.  

3. Types of membranes 

Polymer-based membranes are a key component in a wide range of industrial 
applications, including water purification and, in polyelectrolyte form, fuel cells and 
batteries, where they control the selective transport of ions and/or water. The precise 
nature of ion and water transport is frequently confusing, because it is dependent on the 
complex interplay between polymer structures. Broadly the polymer-based membranes 
are classified as dense or non-porous membrane and porous membrane. 

Dense membranes are generally prepared via (1) solution casting method whereas the 
porous membrane use (2) non-solvent induced phase separation technique (NIPS) and (3) 
temperature induced phase separation (TIPS) techniques. Advanced membrane 
preparation processes such as track-etching, stretching, electrospinning, or sintering have 
been developed in addition to traditional approaches to make membranes for specialized 
uses. In NIPS, the phase inversion of a polymer carried out via immersion precipitation of 
caste polymer solution using non-solvent. Here, the polymer solution is casted on a 
suitable support material, namely the synthetic polymer base, which is then immersed in 
a coagulation water bath, containing non-solvent solution. The solvent and non-solvent 
exchange that occurs during this coagulation exchange process results in the creation of 
porous polymer membranes. 
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Permeants or feed components are conveyed selectively via diffusion through dense 
membranes under the driving force of a pressure, concentration, or electrical potential 
gradient. The relative transit rate of distinct components of a mixture within the 
membrane, which is dictated by their diffusivity and solubility in the membrane material, 
is directly connected to their separation. Nonporous, dense membranes, on the other 
hand, can separate permeants of similar size if the concentrations of the permeants in the 
membrane material differ significantly.  

3.1 Dense membrane via solution casting method 

 

 

Figure 1  Schematics of dense membrane preparation route both in (a) free standing form 
and (b) supported dense membrane. 

 

Dense membranes are employed for efficient separation with sufficient permeate flux in 
practically for all reverse osmosis, gas separation, pervaporation, and membrane 
distillation processes. Dense membranes further can be classified in to two types based on 
their physical characteristics namely; (a) free standing dense membrane and (b) supported 
dense membrane as shown in Figure 1. In solution casting method of self-supported 
dense membrane preparation follows, solution casting of polymer followed by 
evaporation, whereas supported membrane is prepared first support is prepared via dry-
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wet immersion technique followed by dip coating or solution casting leading to complete 
solvent evaporation. Dense membranes usually with the thickness of 38-110 µm range. 
The separation here occurs mainly by a solution-diffusion process that includes numerous 
influencing elements such as temperature, pressure, polymer type, rate of diffusivity, and 
so on. 

3.2 Symmetric porous membranes 

 

 

Figure 2  Schematics of porous membrane preparation routes showing morphological 
features of (a) Symmetric and (b) asymmetric porous membrane. 

 

Porous symmetric polymeric membranes prepared from phase separation generally with 
track etched support layer having high flow rates and selective layer with excellent 
retention properties as shown in Figure (a). These membranes are also prepared without 
separate selective layer from a metastable two-phase liquid dispersion of polymer in 
solvent and non-solvent systems.  

3.3 Asymmetric membranes 

In asymmetric membranes, pores are distributed in ascending order from bottom to top of 
selective layers. The tight pore size regime generally sits on the feed facing selective 
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layer. Among many polymers, polysulfone, polyethersulfone, polyacrylonitrile and 
cellulose-based systems are co-operative to formation of highly asymmetric membranes. 
In a classical asymmetric membrane, it is the surface pores that are the tight and the 
permeation channels are broad to facilitate the transportation of product/permeate as 
shown in Figure 2(b). In the asymmetric membranes the tightest pores are adhered to the 
interface of the supporting skin and the selective layer when used in composite polymers. 
This is also called skin and the asymmetric region of the composite membrane. 
Asymmetric or anisotropic (from support where the asymmetric region generally 
originates) regime mainly defined by the degree of asymmetry to be called as tight or 
loose type of asymmetric membranes. These membranes will have average skin sizes of 
greater than 1 micron in homopolymer type and varying sizes for composite membranes 
from NF to RO regime as shown in membrane spectrum in Figure 3. In general, The 
physical properties of the support layer or permeation layer will be at least twice those of 
the average skin pore size and thickness [6]. 

With the advancement of nanocomposite, membrane technology is too benefited by the 
use of different nanomaterials for membrane applications. Where, the top layer of an 
asymmetric membrane is functionally induced by different nanoparticles induced to form 
several selective layer films. In such cases, asymmetric membranes consist of a thin 
dense layer that can act as a selective skin as well as a porous support, the interstitial 
spaces generated between the composite layers in the Nano scale range functions as 
permeation channels. This engineering adaptation of the asymmetrical structure with a 
dense layer on top that is tight to thin and supported by a porous substrate is strategically 
crucial to improve separation efficiency. This will also reduction membrane resistance to 
permeate flow and improve the shelf life.  

4. Preparation of porous membranes and control parameter 

4.1 Solvent phase inversion technique 

Polymer-membrane science and technology has progressed to the point where it may 
currently be used in a variety of separation processes, such as water desalination, 
macromolecular enrichment, and biological component cleansing etc. Synthetic polymer 
membranes can be made using a variety of procedures that allow for the shaping of a 
polymer material to achieve the required properties, the most essential of which are 
morphology, porosity, and distribution. Before casting solution, desired membranes 
characteristics need to be understood and accordingly precursors need to select. Two 
elements must be considered while producing polymer-membranes for a certain 
separation: That consists of 1) the nature of the precursor material (polymer or polymer 
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blend or composite polymers) and 2) the morphology (dense/non-porous or porous) of the 
membranes. Solution casting of polymer solution to turn in to either porous or non-
porous membrane has been successfully adopted.  

The most extensively used technology for producing polymeric membranes is non-
solvent induced phase inversion. Phase inversion is a demixing method in which a 
previously homogeneous polymer solution is altered in a controlled manner. Loeb and 
Sourirajan pioneered the phase inversion procedure in membrane technology in the 
1960s, and it is the foundation for most commercially available membrane synthesis. 
Phase inversion is a demixing method that transforms an initially homogeneous polymer 
solution from a liquid to a solid state in a controlled manner. 

 

 

Figure 3  Schematics of non-solvent induced phase inversion method used for 
preparation of porous membrane. 

 

The polymer solution is created in a suitable solvent or a mixture of a volatile non-
solvent, and the solvent is allowed to evaporate, resulting in coagulation bath 
precipitation as shown in Figure 3. The solution system's core components are polymer 
and solvent, but various additives can be added to adjust the membrane's porosity, pore 
dimension, and overall morphology. Nonetheless, when producing the casting solution, 
the choice of polymer is critical. The solvent, in which the polymer must be soluble in an 
acceptable concentration, is the next critical parameter to optimize, since it is directly 
related to the final membrane application. Once the polymer is dissolved, the 
homogeneous polymer dope solution is cast on the glass plat for free standing membrane 
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and on support porous layer or fabric for composite membrane with the help of doctor’s 
blade or suitable spreading rods.  The rods are then stretched apart to achieve consistency 
throughout the film. Then as cast thin polymer film with/without support will be 
immersed in gelling bath covering non-solvent (miscible with solvent) to facilitate 
solvent and non-solvent exchange in polymer matrix. The polymer film starts 
precipitating out upon solvent/non-solvent exchange, into a porous precipitate membrane 
within the coagulation bath. The miscibility of solvent and non-solvent interchange 
within the coagulation bath, results in demixing and precipitation immersion, separating 
the two phases of polymer solution to polymer-rich and polymer-poor phase.  During the 
phase inversion process, a thermodynamically stable polymer solution is tending to 
change from liquid to solid state in a controlled manner. Here, the solvent, non-solvent, 
solvent evaporation and coagulation period determines the structure, size and shape of the 
membrane pores. Further, as formed membrane can be heat treated to facilitate optimal 
mechanical and chemical strength to resulted membrane.  

In some cases, the transfer of the fragile, ultrathin film onto the microporous support is 
the method's principal drawback. Thin film is typically transported by sliding the support 
membrane under the spread film. With extra care taken, the small segments of membrane 
as thin as 1 to 2 µm can be easily transferred with this approach. On the other hand, thin 
film of polymer can be directly coated microporous hygienic, defect-free and very 
excellently microporous support. In all composite thin-film membrane preparation 
procedures obtaining defect-free films involves substantial attention to set optimization 
parameters. In all supported membrane preparation procedures, the nature of the 
microporous support is critical and plays an important role in overall performance and 
shelf-life of a membrane [7,8]. 

Furthermore, by modulating various parameters, phase separation of a casting solution 
into a support polymer can indeed be efficiently controlled to obtain appropriate pore 
characteristics and morphologies as well as desirable sticky capabilities. These include 
the use of appropriate co-solvent and non-solvent combinations, controlled evaporation, 
thermal precipitation by adjusting both the solution and coagulation bath temperatures, 
and precipitation from the vapour phase by immersing the cast film in a non-solvent 
vapour phase. As a result, these variables are inextricably related to thermodynamic and 
kinetic factors. The viscosity of both the casting solution rises significantly as the 
polymer concentration in the solution increases. As an outcome, the system's period 
before precipitation gets larger, even though the period changes linearly rather than 
rapidly.[9]  Natural skinned asymmetric crosslinked polyimide (PI) NF membranes suited 
for organic solvent nanofiltration (OSN) are made at industrial scale using this 
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technology. The preparation of polymer-based hollow fibre membranes involves similar 
techniques and parameters, apart from module design [10].  

4.2 Thermally induced phase inversion technique 

Thermally induced phase inversion was first proposed and researched in the 1980s to 
fabricate microporous membranes, but it received scant attention since NIPS was 
considered to become a more convenient and adaptable way of creating polymeric 
membranes. TIPS study is currently gaining popularity recently, leading to the advent of 
membrane contactors, that offer a number of distinct advantages, including process 
simplicity, high reproducibility, and a low tendency to form defects, as well as high 
porosity and the ability to create interesting microstructures with a narrow pore size 
distribution. Therefore, parameters can be optimized to achieve membrane 
reproducibility by controlling polymer reassembling during thermally induced 
evaporation. TIPS emphasizes polymorphism utilizing solvents and process parameters as 
a distinguishing aspect. Figure 4 illustrates the overall procedure for generating porous 
membranes using the TIPS approach [11].  
 

 

Figure 4  Schematics of porous membrane preparation procedure via Thermally Induced 
Phase Inversion Technique (TIPS) method. 

 

The TIPS process includes the following steps: 1) Is to dissolve a polymer vigorously in a 
high-boiling, low-MW solvent at an elevated temperature, typically around or above the 
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polymer's melting point to form a homogeneous melt-blend. 2) Forming the dope 
polymer solution into the desired shape and size on a suitable substrate, such as with a 
glass plate for a free-standing flat sheet, a porous support for a composite membrane, or 
hollow fibres. 3) To cool the cast solution to induce phase separation and polymer 
precipitation, and 4) To separate the diluent, generally by solvent extraction, to yield a 
membrane. Hence, Phase inversion is a precise balance of polymer–solvent interaction, 
cooling rate, chilling media, and temperature gradient.  

One of the TIPS method's distinctive qualities is the ability to build membranes from 
semi-crystalline polymers that may not be ordinarily soluble in solvents at higher 
temperatures, as previously discussed. TIPS is regaining popularity as a viable platform 
for fabricating highly porous microporous membranes. There has been intense research in 
membrane technology for more sustainable techniques to produce polymeric membranes 
employing green solvents. To achieve long-term goals, green solvents with high volatility 
have recently become popular, making the TIPS approach more economically friendly. 
PVDF-type polymers have shown great promise in the development of microporous 
membranes [12,13]. 

5. Membrane separation process spectrum 

Polymer-based membranes find several applications because the polymer offers 
flexibility in membrane design and module adaptation. This makes membrane technology 
a cost effective, a high pre-concentration factor with a large degree of selectivity and ease 
of operation [14]. Polymer-based membranes have a wide range of applications due to the 
ease of the polymer in membrane design and module adaptability. Membrane technology 
is therefore cost-effective, convenient to use, and also has a high pre-concentration factor 
with a high degree of selectivity. Membrane separation processes offer a range of 
membranes, as shown in the Figure 5, that mainly depends on the size and nature of the 
pollutant to be treated. Microfiltration (MF), ultrafiltration (UF), nanofiltration (NF), 
reverse or forward osmosis (R-O), and ion-exchange membrane processes such as 
Electrodialysis are examples of these [15]. Membrane separation is a wide term that 
refers to the process of deciding the quantity and specific pollutant rejection potentials of 
a membrane. The pressure required to remove the pollutants from the mixture/feed is 
used to classify the membrane process spectrum. Microfiltration membranes have the 
highest pore size and are used to filter out big particles and microorganisms at low 
pressure. Ultrafiltration membranes contain smaller pores than microfiltration 
membranes, so they can reject bacteria and soluble macromolecules like proteins at 
slightly higher pressures in addition to large particles and pathogens [16]. Nanofiltration 
is a relatively novel membrane category which fits between dense membrane and 
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ultrafiltration pore regimes and operates at a moderately high pressure. Nanofiltration 
membranes are hence referred to as ‘loose' reverse osmosis membranes. Nanofiltration 
membranes are porous membranes that are often manufactured in an asymmetric manner. 
As a result, NF are porous membranes with pore sizes of ten angstroms or less that 
function somewhere between reverse osmosis and ultrafiltration membranes. With pore 
sizes of less than 1 nm, reverse osmosis membranes are effectively non-porous [17, 18]. 

5.1 Microfiltration 

Microfiltration refers to the membranes category where pore size actively range in the 1 
µm to 10 µm. This regime requires minimum operating pressure to generate permeate 
fluxes. Separation from MF is based largely on molecular separation, and yet process 
conditions could have a direct effect on the separation efficiency [19]. MF is used for 
numerous process applications such as diary product separation where is defatted in the 
manufacturing of whey protein isolates, casein and serum proteins are separated from 
skim milk, and cheese brines are clarified. The MF membranes are made using 
polyvinylidene fluoride (PVDF) polymers, poly(ether sulfone) and polyacrylonitrile. The 
other common applications of MF membranes was found in sugar and sweetener, and 
industrial bioprocessing industries [20]. MF is used to purify fermentation liquors prior to 
further refining operations in this scenario. MF is frequently used in the industrial 
bioprocessing industry to clear bulk fermentation streams and increase the performance 
of downstream processing stages. The MF process is utilized as a pre-treatment step for 
other separation processes such as NF and RO in a variety of applications. 
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Figure 5  Infographics of membrane separation processes with pore size and separation 
spectrum. 

5.2 Ultrafiltration 

The ultrafiltration materials are made from a pore range of from 0.01 to 0.1 in pores and 
further classified by Daltons (Da) or kilo-Dalton based on their molecular weight-cut-off 
efficiencies (MWCO) (kD). Typically, MWCOs of UF membranes range between 1,000 
Da (1kD) and 100,000 Da (100kD). Like MF, the separation regime of the ultrafiltration 
process depends mainly on molecular exclusion, but process conditions, such as applied 
pressure, depend on the type and distribution of the pore [21]. MWCO membrane, on the 
other hand, can be tuned again for final application. Polyvinyllidene fluoride (PVDF), 
polyethersulfone (PES) or polysulfone (PS) polymers are the most widespread used 
polymers for UF applications. In RO and NF thin film composite (TFC) membrane 
applications, the substantial majority of PS-based UF membranes are used as a 
supporting membrane [22, 23]. Much farther specific utilization of UF membranes would 
include UF membranes for the dairy processing, pain industry, resin recovery, 
bioprocessing industries, domestic wastewater treatment, industrial wastewater treatment, 
process water recovery and macromolecular augmentation. [24]. 

5.3 Nanofiltration 

Relatively new addition to the membrane separation spectrum is the nanofiltration (NF) 
process. Tight ultrafiltration regimes have been made reference to as the industrial 
reference to NF. Magnesium sulphate (MgSO4) and sodium chloride are the main 
features of NF membranes that are based on their rejection characters (NaCl). The 
rejected range is generally projected to be ~90-99.5% and ~300-70%, respectively, for 
MgSO4 and NaCl for NF. The separation mechanism of NF is based in large part on 
diffusion by the membrane of dissolved species, and pH and chemical loads can be 
severely affected near or on the surface of the membrane [25]. Recently, the most 
common use of NF is the demineralization of industrial process intermediaries, as an 
alternative to both UF and MF processes, combined with concentrating macromolecules. 
The NF process has evolved over the years as an important separation process for 
applications such as molecular separation, demineralization, desalination, organic weight 
loss and waste water treatment. NF is used for removing impurities and enriching primary 
sweetening components in sugar and sweetener industries [26].  

5.4 Reverse osmosis and forward osmosis 

The Reverse Osmosis (RO), which categorises the separation range based on rejections 
features of conventionally sodium chloride, is a commercially most popular membrane in 
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separation ranges. The NaCl range is expected to reach ~96-99.8% for RO membranes. 
As with NF, the separation with RO is based largely on the spread of dissolved species by 
the membrane and the osmotic pressure of the process fluid or feed [27]. The RO 
membranes are generally prepared with the selective thin layer and support for 
ultrafiltration in thin-film morphology. The thin layer of polyamide is commonly used on 
the ultrafiltration support of polysulfones. The RO is widely used after UF or NF as an 
effective tool for various applications for molecular separation, desalination and 
treatment of wastewater. The use of RO process in-house has revolutionized recent 
developments in nanotechnology innovation, modified RO composite membranes. 
Household RO applications also forced its use of RO modules in miniature with greater 
separation efficiencies in innovative ways [28]. 

6. Material choice for polymer based membranes 

The selection of an appropriate polymeric materials is a key component of effective, 
physical and chemical separation membranes. Polymer nature and the membrane process 
play an important role in obtaining the resulting membrane's enhanced permeability, 
selectivity and durability. Polymeric membranes, also known as organic membranes, 
include a family of technology for liquid separation which is industry leader in efficiency 
and performance. These membranes are generally recognized in four main categories 
based on efficiency and separation characteristics. An earlier discussion (microfiltration, 
ultrafiltration, nanofiltration and RO). The polymers utilized in the fabrication of each 
membrane classes are carefully selected to ensure excellent performance in a specific 
process environment. Compatibility must be taken into account with the fluid(s) to be 
processed and cleaning materials required to help maintain hygiene and stability in 
performance. Polymers include polysulfone/PS/PS, polypiperazine and polyamide, as 
well as polyvinyl fluoride (pvdf) [25]. Further, list of some of the synthetic polymers 
used for various type of membranes have been recorded in Table 1. 

6.1 Synthetic polymer membranes 

Roughly every commercially successful membrane consists of organic synthetic 
polymers such as polysulfones, sulfone polyether, poly(vinyl diameters), 
polyacrylonitriles, cellulose acetate, and so forth. Microfiltration, ultrafiltration with large 
pores and different solution preparation conditions with adopted parameters frequently 
consist of identical polymer materials. During membrane preparation process 
coagulation, pore size control will usually be followed to produce various pores and 
morphologies.  
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Table 1  List of some of the synthetic polymers and their structures used in membrane 
preparation. 

No Synthetic 
Polymer 

Structure Ref
. 

No Polymer Structure Ref. 

1 Polysulfone 
(PSF)  

[29] 7 Polyvinyl 
alcohol (PVA) 

 

[30] 

2 Polyvinylidene 
fluoride (PVDF) 

 

[31] 8 Polycarbonate 
(PC) 

 

[32] 

3 polyether 
sulfone (PES) 

 

[33] 9 Polyurethane 
(PU)  

[34] 

4 Polyamide (PA) 

 

[35] 10 Polyimide (PI) 

 

[36] 

5 Cellulose 
acetate (CA) 

 

[37] 11 Polyvinylpyrroli
done (PVP) 
 

 

[38] 

6 Polyacrylonitrile 
(PAN) 

 
 

[39] 12 PIM-1 

 

[40] 

 

Materials from inorganic materials such as ceramics or metal oxides/hydroxides can also 
be prepared with composite membranes of polymer origin. Further, blending composite 
membranes seems to be possible to achieve porosity and permeability ranging from 
microfiltration, ultrafiltration or nanofiltration. In terms of thermally stable, chemical 
resistant, composite membranes have proven to be an advantage over only polymer 
membranes. On the other hand, there are also several downsides with ceramic membranes 
processed for implementation in microfiltration, such as a high cost and mechanical 
fragility that prevented their widespread use. Likewise, metallic membranes often consist 
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of stainless steel and can be porous very finely. It is mainly used for gas separation, but 
may also be used as a membrane support or for water filtration at high tempers. However, 
for large-scale use, metallic membranes pose difficult issues in design and module 
preparation and pose several logistical problems. The current tendency on membrane 
development is to use Nano-functionalized membranes. Polymer membranes with active 
nanoparticles besides bio foliation avoidance are an example of modern membranes that 
are becoming extremely important because of various proven advantages over polymer 
membranes alone. 

Furthermore, synthetic membranes can be classified as organic and inorganic. Inorganic 
membranes include various materials, such as zirconia, alumina, titanium, palladium and 
silver, for example, ceramic, carbon, zeolites and oxides of metals. Organic membranes, 
like polytetrafuoroethylene, polystyrene and Polyamide and others that form 
macromolecules, are used for the majority of commodities and industry [41]. In order to 
achieve increased properties, enhanced film strength and cost effective maintenance of 
the conventional scale-up protocols, use these synthetic polymers to prepare blends for 
use as membranes [42, 43]. Inorganic synthetic membranes, even so, seem to be hugely 
reliant on the mechanism of charge exclusion to promote electrical refusal and mass 
transport. Charging properties can be easily adjusted in the membrane surface, however, 
to ensure optimum pollutant refuse and separation performance through different 
parameters, like feed solution pH and ionic strength conditions. When the optimum load 
on the surfaces of the pottery membrane is changed, the overlap effect of the double layer 
will avoid the ionic rejecting patter as distance potential attenuation is seldom assessed to 
determine the extent of this possible overlap [44,45]. The main advantages of the 
synthetic polymer membrane are that polymers offer extensive opportunities to change in 
the form of composites and blends and can also be customized to make them adaptable in 
any form, such as flat sheet and hollow fibre [46]. Over the years, progress in the science 
of polymers has permitted a variety of innovative polymers available for membranes with 
special features that can be used through various morphologies in particular. 
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6.2 Biopolymer membranes 

Table 2  List of some of the important biopolymers used for membrane application. 
N
o  

Biopoly
mers 

Structure Ref.  Biopolyme
r 

Structure Ref. 

1 Chitosan 
(CS) 

 

[47] 8 Polylactic 
Acid 
(PLA) 

 

[48] 

2 Sodium 
alginate 
(SA) 

 

[49] 9 Polyhydrox
yalkanoate
s (PHAs) 
  

[50] 

3 Agar 
(AG) 

 

[51] 10 Polyhydrox
ybutyrate 
(PHB) 
  

[52] 

4 Agarose 
(AGR) 

 

[53] 11 Pullulan 

 

[54] 

5 Chitin (C) 

 

[55] 12 Nitrocellul
ose (NC) 

 

[56] 

6 Cellulose  

 

[57] 13 Cellulose 
acetate 
(CA) 

 

[58] 

7 Carragee
nan 
(CAR) 

 

[59] 14 Cellulose 
triacetate 
(CTA) 

 

[60] 

 

For numerous material and process applications, biopolymers include a variety of 
naturally occurring polymers (Table 2) from renewable resources. Biomacromolecules or 
biopolymers are generally known as substances produced through live organisms. Their 
unique characteristics and abundance have recently been taken into account in the 
research and development of sustainable end products. Biopolymers are chain-like 
molecules composed of repeated chemical blocks, which easily deplete biomass 
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resources in the environment. Many repeat units are active in several product segments 
today with cellulosic products and their biopolymers derivative. On the other hand, plenty 
of others continue to stay uncovered and underutilized. Biopolymers have opened up to 
greater utilization in membrane applications with a rapid development of the 
understanding of basic biosynthetic pathways and bioprocessing protocols. A range of 
polysaccharides, proteins, lipids, polyphenols and specialty polymers are derived from 
the biopolymer backbones. The use of these sections will also help to glug and manage 
final products. Many other synthetic and biopolymers with an increased interest in green 
and durable materials are being modified to suit biopolymers. This would add value to 
environmental compatibility and enhance protection [61]. Also, hydrophilic and biocidal 
properties of biopolymer membranes with unique wettability have drawn considerable 
research interests for addressing challenges biocompatibility and biodegradability [62]. 
Several advancements in thin film and even in the scientific fields of functionality have 
also led to the remedy of new membranes in conventional membranes, such as fouling, 
scaling and biofouling. The durability of a membrane was increased, but the maintenance 
and operating costs were also drastically reduced when used. Building on these reasons, 
membrane processes are an intensified process that offers a number of advantages, 
including lower energy and reduced plant volume, as expected by the process 
intensification strategy. 

Biopolymers which have properties along with biocompatibility, biodegradability, 
portability and ecological responsibility can therefore be a legitimate alternative to the 
conventional polymers based on petroleum. Biopolymers have shown great potential for 
water treatment and wastewater treatment, as biopolymers could be used to modify their 
physical and chemical properties such as pH, temperature, mechanical and thermal stress, 
etc. [63]. Moreover, biopolymers display low toxicity for human health, high 
biocompatibility and biodegradability [64]. In large-scale membrane production, various 
biopolymers such as CA, CS, PLA, PHA, PHB, TPS, PVA and PU are now substituting 
conventional polymers such as PSF, PES, PI etc. The other important property of 
biopolymer is that the majority of biopolymers are inherently film-forming and have a 
high affinity for water and a composite potential for different nanomaterials. However, 
there remain significant drawbacks in membranes prepared with biopolymers such as low 
mechanical strength. Nevertheless, biopolymer membranes with enhanced mechanical 
characteristics have been produced using nanomaterials which can potentially be of 
immediate prosperity. 
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6.3 Membrane modules and types of modules 

Once Membrane is prepared in large scale, adopting the as prepared either flat sheet or 
hollow fibre membrane in to engineering module becomes crucial to extract optimal 
performance from the device. Engineering the membrane into module form is art of 
extracting maximum from the membrane itself. In the past several innovative pathways 
have been seen in the way the membrane is converted into engineering devices and 
components to separate the feed into permeated and resentful streams. Based on their 
structure and arrangements, commercially successful modules are therefore classified, 
and the industry uses four different kinds of membrane modules. They are (1) Flat sheet 
plate and frame modules, (2) Spiral-wound modules, (3) Hollow fibre modules, and 
(4) Tubular modules. 

6.4 Plate and frame module 

 

Figure 6  Schematic and actual membrane module and plant prepared using flat sheet 
membranes. 

 

Yet another platform and frame module are designed in a metal frame with flat sheet 
membranes and spacers, as shown in Figure 6. Depending on the relation between two 
solutions, the model also shows three possible modes of plate and frame module. These 
three modes may work in the same operating conditions differently. Four conditions are 
employed to simulate the plate and frame module: the volumetric flow of the feed and 
solution drawing, the concentration of the drawing solution, the flow direction and 
membrane orientation. The flat and frame module is the simplest device for packaging 
flat sheet membranes among all membrane modules [65]. Plattened-and-frame modules, 
like stripes, size and shape of research lab devices holding a single, small membrane, 
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systems with membrane series that can be used to contain plate and frame modules, are 
designed and developed in various directions. In the plate- and frame module, between 
two geometric types, the horizontal rectangle and vertical rectangle are designed for feed 
flow in the cross-current flow direction. A single membrane sheet with a lower pack 
density is simulated in the plate and frame module [66]. However, this module is easy to 
operate and handle among all membrane engineering modules for large-scale panel and 
frame module in industrial applications. 

6.5 Spiral wound module 

Most commonly used spiral injury modules and successful, commercial membrane 
modules exist in the membrane market due to their high volume-to-membrane surface. 
Spiral membrane module consumes an enormous amount of other than membrane 
engineering material itself. A spiral-wound module has the membrane, the feed and the 
permeate channels, the membrane spacing, the permeate tube and the membrane housing 
as the main components. This module strategically places engineering materials such as 
feed and permeate distances to avoid feeding or permeate fasteners in separation 
experiments. Although the channel spacer may increase mass transfer near the 
membrane, the pressure loss along the membrane leaf inevitably increases as shown in 
Figure 7. During the spiral membrane wound process membrane sheets are glued to form 
an envelope on three sides with spacers and support layers. More envelopes are attached 
and rolled up around this permeated tube in order to create feed channels and permeate. 
The membrane sheets are positioned in a pressure-module containing membrane 
packaged in a sticked or plastic thread, which stabilises the assembly once it has been 
finished. Used three or more modules in series are usually connected to a pressure vessel 
for optimal output. The performance of the modules is influenced by many factors in the 
spiral wound membrane: 1) propensity and capability to foul; 2) quality control and 
operating conditions, such as feed pre-treatment, feed concentration, food supply 
pressures, and permeate recovery, 3) distances that have a large impact on the locally 
mixed, mass transmission, and the extent that concentration polarization and pressure loss 
are determined [67,68]. Spiral wound membranes are widely used to remove calcium and 
other divalent ions from hard drinking water in under-the-sink nanofiltration modules. 
Many modules in the industrial scale include membrane envelopes wrapped around the 
central collection pipe, each of which has an area of 1-2 m2. 
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Figure 7  An overview of the spiral wound membrane from schematics to end product. 
 

The design is straightforward when the membrane is wrapped between spacers and 
supports, consisting of a membrane envelope of spacer and membrane wound around a 
perforated central collecting tube. Finally, all this spiral wound is placed within a tubular 
pressure vessel around the collection tube. Feed goes through the membrane envelope 
axially through the module. One part of the feed penetrates the membrane envelope, 
spiralling to the centre and exiting through the tube. Nanofiltration and ultrafiltration 
spiral-wound modules have been applied extensively for applications of reverse osmosis 
in the desalination, organic molecular separation, and food processing industries 
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6.3 Hollow fibre module 

 

Figure 8  Actual photographs of bundle of hollow fibre membrane, their spinning 
process, ready to use module and schematics of separation mechanism in hollow fibre 

modules 
 

The hollow fibre membrane segment (HFM) encompasses more than 50% of the 
membrane markets used in water treatment as this sector has superior packing density, 
higher volume surface and self-supporting capacity in the membrane module form. 
Hollow fibre membranes are an artificial membrane class with HF that acts as a semi-
permeable bundling barrier with no other material that enables the use of economically 
cost-effective engineering. The HFMs have a porous, separating layer coated polymer 
fibre structure. The polymer density increases in order toward the outer surface of the 
fibre or vice-versa, depending on the direction to which it flows [69]. This design is easy 
to make and makes it necessary to contain very large membrane areas within a cost-
effective system. Hollow fibre membrane with little diameter can withstand operating 
conditions in packaged conditions to prevent collapse of the fibre in high applied 
pressure. Typically, the internal diameters and thick walls of HFM are 50 μm and the 
outer ones are 100 – 200 μm. HFMs are becoming more popular because of their high 
packaging density, mechanical stability and high permeate output compared with all other 
membrane modules. Contactors with a wall thickness of <1 mm and a pore size <0 have 
high specific contact surfaces (m2/m3), <1 mm internal diameter. and pore size <0.3 
microns, a tube in shell configuration is used as shown in Figure 8. HFMs are also known 
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for their physically robustness, prerequisite limited space for use, and simple housing 
engineering protects the delicate hollow fibre membranes [70].  

In their mechanistic separation, hollow fibre membranes are also classified into two 
types, i.e. 1) inward to outer and 2) outer to inland which indicate feed flow and permeate 
direction. Types of HFMs are also classified in three types for membrane preparation 
(doping and polymer solidification) methods. 1) Spinning of the melt: The Polymer is 
directly heated by melting in an inert atmosphere in a chamber above its melting point 
and the melting polymer is extruded by a spinneret. As soon as the melt polymer is 
crossed, the cooling immediately leads to a transition to the phase and solidifies the 
polymer. This produces a capillary or HFM with a uniform structure. 2) Dry spinning: 
The Polymer is dissolved in a highly volatile solvent by the dry spinning technique and 
the solution is extruded by a known spinneret diameter. The polymer solution is heated 
during extrusion and, due to solvent evaporation, the polymer solidifies which lead to the 
development of HFM, and 3) Wet spinning: the extruded polymer solution will be 
immersed in a non-solvent bath during this process. There is an air gap between 
Spinneret and non-solvent Bath, where membrane formation begins with a particular 
thickness of the inner wall [71]. 

6.6 Tubular membranes (ceramic membranes) 

Self-supporting membranes are not tubular membranes. They are located within a tube, 
generally of inorganic materials, made of a special kind of material. In most of the 
tubular packages, the membrane inside is supported and housed. Ceramics and their 
composites are the most popular membrane material used in the tube membrane module. 
These materials are fragile and at times breakable, so that tubular membranes are placed 
inside the tube, the tubular membrane flow is normally inside a tube. Due to its excellent 
mechanical stability, chemical and thermal resistivity, ceramic membrane has attracted 
considerable concern and are cost efficient for some extreme applications where 
polymeric membranes are not easily maintained. Ceramic membrane has the advantage of 
its thermal and mechanical properties that make it possible to sinter at a much lower 
temperature than alumina. Although several studies have demonstrated the benefit of the 
ceramic membrane, sustainable developments in ceramic membranes have hindered the 
use of them because of their non-flexible and fragile nature. 
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Figure 9  Structure and morphologies of multi-channel alumina-based ceramic 
membranes. 

 

Ceramic containers, nevertheless, are less expensive, effective and higher performance 
compared to polymers, applied in extreme conditions such as pH-like, high temperature 
and harsh solvent conditions [72]. For the removal of suspended matter from the 
ultrafiltration and microfiltration range ceramic membranes are effectively used. Ceramic 
membranes are usually made from oxides of aluminium, titanium or silicone that are 
stable under extreme feeding conditions. The advantages of ceramic membranes are that 
they are chemically inert and stable at high temperatures in which the polymers are 
ineffective. These physical and chemical properties make ceramic MF/UF membranes 
particularly suitable for food, cooling power stations, highly contaminated treatment of 
waste water, biotechnology and the pharmaceutical industry in which membranes require 
repeated sterilisation and cleaning of steam by aggressive solutions. These pores are in 
the pack of different sizes of nanoparticles of a metal oxide at high temperature and 
pressure as illustrated in Figure 9 and range from 0.01 to 10 mm in ceramic membranes 
for a microfiltration and ultrafiltration range. In general, these membranes are produced 
through a slip-coating and sole-gel extrusion process. Other techniques, especially sol 
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gel-powered techniques are used for the fabrication of pores between 0.001 and 0.01, as 
well as for the manufacture of highly packaged small ceramic pores prepared via soil-gel 
methods, are suitable for use in gas separation [73]. The traditional method of preparing 
ceramic membranes is through a multistep process of manufacturing using powder 
composites of ceramic or metal oxide, which depends on the application and membrane 
configuration following shaping, heat processing and layer deposition procedures [74].  

7. Advanced polymer membranes 

7.1 Block copolymer membranes 

Controverted structure requirements for advanced antifouling membrane for a range of 
applications such as CO2 capture, seawater desalination and other industrial applications 
require new approaches to membrane science and membrane manufacture. Limitation of 
pore size and distribution is the main disadvantage with conventional membrane 
preparation. The molecular manipulation of a porous structure in combination with 
surface chemistry is now a well- known approach to the creation of emerging physical 
pores to increase the features of all membranes in certain application applications using a 
block copolymer self-assembly route [75]. Block copolymers pave the way to overcome 
the disadvantages of the conventional membranes. These polymers can be used either as 
porous or pore films, hollow fibres and particles. As the main advantage of the block 
copolymers for membrane manufacture, this polymer is multi-purpose morphology which 
can be controlled by adjusting the chemical composition and the length of the block for 
the desired porous dimensions. With a self-assembled block copolymer route different 
chemical structures can be obtained in just one polymer and selective dense layers with a 
particular porosity and composition can be prepared in combination with other 
nanocomposite materials that find huge applications in gas separation, pervaporation, 
nanofiltration and fuel cells [76, 77]. Besides its self-assembly property, diblocks and 
triblocks are equipped with micro-domain isolation, which shows an amazingly complex 
and periodic geometry which has unlimited nanoscale engineering potential for porous 
membrane applications [78]. The self-assembly di-block copolymers produce the 
selective deterioration of one-block spheres, lamellae, cylinders and complex nano-
bicontinuous pores. The copolymers of triblock, on the other hand, produce more 
complex structures with numerous morphological components unknown to science and 
technology membrane community but that could revolutionize the properties of fluid 
transport [79]. The first block copolymer membranes was reported half a century ago as 
charge-mosaic membranes [75]. The whole charge murals are the arrays of loaded 
domains containing paths for both anions and cations, both anion-exchange and cation-
exchange. The first copolymer cast on substrate to achieve its purpose was poly(styrene-
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b-2-vinylpyridine. In 1975, Odani et.al in addition, in order to create an ordered porous 
structure, used poly(Styrene−butadiene−styrene) (PSBS). Authors followed two 
important approaches in this method to pore production: 1) film casting-selective block 
sacrifice and 2) self-assembly through non-solvent-induced phase separation (NIPS). In 
applications such as gas separation, ultrafiltration, nanofiltration, pervaporation, fuel cells 
and batteries, copolymer membranes produced through the method have been used. 
Recent developments have shown a promising self-assembled copolymers with PEG and 
fluoro-blocks as innovative insights for proposed anti-fouling applications [80]. On the 
other hand, oligomerically polymerized polyamide membranes with successful 
integration of anti-fouling properties have been recently incorporated into oligomeric 
zwitterionic building blocks [81].  

7.2 Functional polymers-based membranes 

Functional membranes offer multiple features, both help in the separating pollutants or 
contaminants from an aqueous solution and also contribute to adsorbing, degrading 
and/or disabling contaminants. Functional membranes based on polymers are generally 
designed and adapted to specific applications. These membranes are used to filter out 
organic and inorganic contaminants like dyes, emerging pollutants, and heavy metals, etc. 
[82]. The production of membrane using functional polymer involves processing 
polymers and the subsequent formation of membranes in which methods regularly 
followed have to be modified in order to achieve stable membranes [83]. This process 
maintains its original properties while providing new properties such as hydrophilicity, 
bio-compatibility, anti-static characteristics and performance. Nanomaterials such as 
clays and other colloidal suspension are also used to optimise the functionality of 
polymers to optimise different parameters relating to treatment such as adsorption 
properties, swelling patterns, and rheological/colloidal phenomenon. 

7.3 FO membranes 

Among other membrane separation processes, the FO process is recovering its 
momentum. With conventional pressurized techniques at molecular level the use of FO 
can be achieved with special application. Unlike the pressure-driven membrane 
processes, FO is an osmotically driven, low-hydraulically operated membrane process. In 
the absence of the applied pressure, the flow rate of FO was higher than that of the 
pressurized membrane processes, less membrane fouling and more energy-efficient [84]. 
As a matter of principle, FO is a spontaneous method where solvent permeates a FO 
membrane from a solution that has higher chemical water potential (feed solution) (draw 
solution) [85]. For years now, for FO-operations, RO-membranes have been used in 
combination with suitable recyclable pulled solutes as effective semimeter membrane 
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from CA, CTA, PA and the Composite polymer [86]. In absence of dedicated FO 
membrane, In recent years, molecular design of FO membranes with high flux and power 
density has gotten a lot of interest in research and development [87,88].  

7.4 Polyelectrolytes complex membranes 

Complex (PEC) polyelectrolyte systems have unique loading and surface properties to be 
used for separation and purification. PEC-based membranes have already shown 
promising materials, namely pervaporation and nanofiltration, for diverse membrane 
separations [89,90]. Polyelectrolyte have a strong tendency to adsorb on the surfaces of 
the particles in an aqueous suspension [91]. The groups of organic polymers charged are 
called polyelectrolytes when hydrolyzed and have many of their properties. They can be 
used to convey neutral particles with surface charge. Polyelectrolytes are cost-effective, 
quick, performance-efficient, thick and controlled. The method is also easy to use for the 
modification by composite membranes of commercially available membranes. In terms 
of molecular structure, weak and strong electrolyte activity, molecular weight and charge 
density the polyelectrolytes can be differentiated [92]. PECs are able to separate through 
different mechanisms because of the electrostatic repulsion forces. This kind of repulsion 
is also maintained in very open structures due to its high charging density. In water 
treatment applications, PECs can provide extreme thin, but effective barriers. With the 
incorporation of polyelectrolytes on the existing membrane surface, the development of 
membranes has been greatly improved. In most cases, polyelectrolyte charge can 
effectively be applied when the salt ion penetration is rejected via a polyelectrolyte-
modified membrane [93]. Polyelectrolytes can also be used with a good control over the 
distribution of ionised molecules within the thin film in several other existing membrane 
surface modifications. Polyelectrolyte complex membranes can generally be made from a 
stock of biopolymers and are highly biocompatible, non-toxic and capable of film 
formation. PECs also offer promising methods to integrate multi-layer architecture with 
membranes and surface properties can be modified to adjust membrane load and 
hydrophilicity [94]. 

7.5 Polymer-based aerogel membranes 

Aerogel are a special kind of functional material with ultra-porous solid gel, with a gas-
inducing solid network structure that completely replaces the liquid part [95]. The 
Aerogel consists of a 3D network like a solid structure in the form of highly cross-linking 
structures that has a large number of air-filled pores. The 3D structures can be developed 
using different precursors as illustrated in Figure 10. 
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Polymer-driven aerogels are recently gaining attention because of their easy handling and 
their extensive potential for application [96,97]. Aerogels with two characteristics, 
structural properties and functional properties, can be distinguished from other porous 
materials. Structural characteristics consist of a gel-like structure of hierarchical, fractal 
and non-cryptal microstructural structures, crosslinks, granules or powders. The 
characteristics of functionality resulting from structural properties are unique in terms of 
bulk characteristics such as hydrophilicity, high-spectrum, high porosity and a high 
mechanical resistance, low dielectric constant, low sound speed, high-density surface 
area and high-speed porosity [98]. 
 

 

Figure 10  Photographs of Aerogels made from different precursors (a-c) polymer 
aerogel from polymer gel to aerogel, and (d) Polymer-based nanocomposite aerogels. 

8. Membranes for ground water treatment  

The remediation of contaminated water gains the highest priority because of an increased 
water scarcity and water contamination, both at industrial scale and on groundwater 
resources. Thousands of people around the world are exposed to contaminated water 
sources such as heavy metal, active pharmaceutical ingredients, organic matter, and 
emerging pollutants. APIs are contaminated with pollutants [99]. For various types of 
contaminates with different chemical and anthropogenic sources, innovation is required 
in membrane technology. Long-term ingestion of heavily metal-contaminated water may 
be at risk of lung, bladder, kidney and skin damage and cancers according to the World 
Health Organization (WHO) [100]. Several technologies for heavy metals remediation 
and organic contaminated groundwater have revealed certain definite results such as: 1) 
full or substantial pollutant destruction and degradation initiating further investigations in 
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the nature of degraded components, 2) pollutant extraction for further processing or 
disposal, 3) stabilization in less moving forms of contaminants Therefore, membrane 
technology can be used in conjugation with other means to rectify unsolved problems in 
purifying contaminated water sources [101]. 

9. Polymer membranes in energy conversion and storage devices 

 

Figure 11  Structures of ion-exchange polymers popularly used in energy storage and 
conversion devices. 

 

In this era of electronic devices, it is highly desirable to develop lightweight, flexible and 
folding electrodes and polyelectrolytic membrane with decent mechanical durability and 
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electrochemical activity. In this context, it is still an incredible challenge to find suited 
polymer-based membrane with suitable ion-exchange characteristics for electrochemical 
storage systems such as batteries and supercapacitors as well as conversion devices such 
as FCs.  Among several polymers, freestanding robust PANI in the form of a 
leuchemeraldine base (LEB), emeraldine base (EB), pernigraniline-base (PNB), 
polypyrrole (PPy), polythiophene (PT), poly(p-phenylene) (PPP), polysulfone/poly (Ether 
sulfone) (PSf/PES), polyimide/poly(ether imide) (PVPEI) (Figure 11). In addition, most 
of the polymers can be converted into wearable solid state supercapacitors, high 
electrochemical performance batteries and fuel cell devices and decent mechanical 
durability. The lightweight, flexible and folding polymer-based ion exchange membrane 
represents both an electrode and solid electrolytic materials for electro-chemical energy 
storage systems of the next generation. 

Conclusions and future perspectives 

For years, PANI, PPY, and Nafion membranes have been an ion exchange membrane 
used for energy storage and conversion devices (individually perfluorinated polymer 
containing sulfone groups). However, in almost every sector of the economy, bio-origin 
functional materials and polymers emerge as potential materials for various and diverse 
purposes. Researchers have recently spent considerable time finding the right 
combination of natural materials for sustainable energy applications. Important 
applications for energy storage and conversion are now developing as nanoscience and 
materials processing technologies develop. Volcanic eruptions and rock weathering could 
produce natural polymers and functional materials, while anthropogenic sources could be 
obtained by the release of non-refined waste, biomass and algae sources. Recent 
developments in the field of biomaterial-based polymers have shown efficient utilisation 
in preparation of an electrodialytic membrane, fluid membrane, nanofibre-like separation 
membranes, etc. 
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Abstract 

In the era of freshwater scarcity, the world seeks to limit overexploitation of all accessible 
resource of freshwater and also to recover potable water by treating wastewater. Various 
domestic, agricultural and industrial activities lead in generating high amount of 
wastewater from which water can be recovered for human needs. Over many years, 
conventional filtration process has gained success to some extent in effluents treatment for 
disposal. Yet, improvement in filtration process is necessary for advanced wastewater 
treatment in order to make the whole process handy and cost-effective. The functionality 
of membrane can be enhanced by incorporating polymers with novel functions in advanced 
membrane separation methods like microfiltration (MF) and ultrafiltration (UF) for 
reclaiming potable water from wastewaters, catalysis and biomedical applications. This 
book chapter mostly focuses on the use of different polymeric substances for MF and UF 
membrane preparation and their application in various sectors. Basic principle, novel 
manufacturing techniques for polymeric membrane, process design i.e., synthesis of 
polymers as designed membrane feedstock, surface modifications, synergistic fabrication 
of different polymers for advanced functionality, antifouling and antibacterial properties 
of membrane are also discussed.  

Keywords 

Filtration, Membrane Technology, Polymer Membrane, Wastewater, Purification, Potable 
Water 
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CA Cellulose acetate 
CEB Chemically enhanced backwashing 
CNC Cellulose nanocrystals 
CNF Cellulose nanofibers 
COD Chemical oxygen demand 
CPCB Central Pollution Control Board 
HCl  Hydrochloric acid 
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MF Microfiltration 
MLD Million liters per day 
MW Molecular weight 
MWCO Molecular weight cut off 
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PES polyethersulfone 
PP polypropylene 
PTEE Poly tetrafluoroethylene 
PVC Polyvinyl chloride 
PVDF polyvinylidene fluoride 
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TMP Transmembrane pressure 
TOC Total organic carbon 
TSS Total suspended solid 
RO Reverse osmosis 
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1. Introduction 

Water is a crucial need for mankind and thus all human activities are associated with it. It 
plays a noteworthy role in the socio-economic growth of any population. Most countries 
around the world are still facing shortage to meet the need of potable water. Even though, 
water covers almost 71% of the Earth’s surface, hardly 2.5% of this amount is fresh water 
out of which 1% is accessible for consumption and the rest is found in snowfields and 
glaciers [1]. It is obvious that the world is facing scarcity of freshwater distribution among 
various industries, urban and rural areas [2]. Consequently, developing countries and 
agricultural activities are heavily affected by the lack of sufficient water resources for 
livestock production and irrigation purposes. The evidence of such circumstances is 
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observed across the world, especially in Asia, Africa, Middle East, and Latin America. On 
the other hand, freshwater resources takes several years to replenish again which is not 
sufficient for growing needs of human activities [3]. Therefore, it is necessary to search for 
an alternative water resource to mitigate the insufficiency of freshwater and that could be 
sea water, wastewater, etc. Huge amounts of wastewaters are generated everyday 
domestically, industrially and from agricultural areas with the increasing activities of 
populations. As per Ministry of Water Resources, River Development and Ganga 
Rejuvenation, wastewater generation from different industries (Food, dairy and beverages; 
Textile, bleaching and dyeing; Sugar; Distillery; Chemical, Tannery; Pulp and paper; and 
others) of India was 501 MLD (million litres per day) [4]. However, based on Central 
Pollution Control Board (CPCB) generation of sewage was 61948 MLD out of which only 
23277 MLD were treated. As a result, around 38000 MLD of untreated sewage was directly 
discharged into nearby land or water bodies [2].  

Generation of wastewater is inevitable as it generates during essential activities of the value 
chain in all parts of life. Wastewater contains higher concentration of minerals, pathogens 
and toxic compounds which make it undrinkable and worthless for reuse without treatment. 
The favorable way of resolving these problems is separation process. UF and MF are the 
typical pressure driven membrane-based well-established separation system in industrial 
scale [5]. Such separation technologies are mainly based on the application of polymeric 
membrane and represent a sustainable approach towards resolving the particulate and 
macromolecule-based separation process. MF and UF can be a suitable alternative as no 
chemicals or phase changes are required like other separation methods i.e. adsorption, 
distillation, fractionation, extraction, etc., [6]. Addition to that, the relative simplicity of 
operation, less energy consumption, low weight, minimum space requirements, 
modularity, easy scale-up, and possibilities of carrying out the continuous separation 
process are the advantages of MF and UF [7, 8]. The utilization of these filtration methods 
is emerging in industrial scale since the last 50 years. The markets for membrane science 
are highly diverse i.e., from chemical to medicine or pharmaceutical industry. However, 
this chapter mainly focuses on wastewater treatment and gas separation by filtration 
technology.  

The objective of this chapter is to discuss the preparation of different polymer-based 
functional membrane with novel properties and their application in treatment of water and 
wastewater. It also gives general ideas on synthesis, fabrication and synergistic 
combination of various polymeric materials in membrane preparation. Basic principle of 
membrane filtration process, their manufacturing technology, process design, antifouling 
and antibacterial properties of membrane are also discussed. 
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2. Basic principle of micro- and ultrafiltration 

Filtration is a separation process by which insoluble materials are removed from the 
gaseous or liquid solution based on their physical as well as chemical properties by use of 
a membrane or filter [9]. This membrane or filter medium allows the liquid or gas to pass 
through and retains the solid particles. Therefore, membrane is described as a barrier that 
segregates two phases from each other by limiting the movements of compounds through 
it in a control manner [3,10-12]. Such compounds include ions, molecules, and other small 
particles. The desired products will be either the clarified liquid (also known as ‘filtrate’) 
or the solid retained/collected in the filter medium (‘retentate’ or ‘residue’) [13]. Filtration 
is used in many laboratories to minimize the complexity of sample, improve clarity of 
viscous solutions, and to prepare the sample for analysis. Depending on the filtration 
method applied, particles or molecules are removed based on their shape, charge or size.  

Conceptualization of filtration process by membrane technology was known since 18th 
century. Unlike other unit separation process in bio-chemical engineering (adsorption, 
distillation, etc.), the superiority of membrane technology is based on distinctive separation 
principle, i.e., specific transport phenomena of filter medium. Its degree of selectivity 
mainly relies on pore size distribution and thus classified as– microfiltration (MF), 
ultrafiltration (UF), nanofiltration (NF), and reverse osmosis (RO) [14-16]. Table 1 
illustrates comparison between different pressure-driven filtration processes as per 
membrane pore size. Fig 1 shows retention and permeation of various sizes of particles via 
membrane. Membrane technology has recently gained success due to the non-requirement 
of additives, efficient isothermal performance at low heat and thus less consumption of 
energy as compared to other thermal separation process. In addition to that, downscaling 
and up scaling of membrane technology, integration and fabrication into other reaction 
process are simple. The main objective of membrane technology is to remove bacteria, 
viruses, organic material, microorganisms, and particulate matter from water, wastewater 
and polluted gas. However, this excludes the removal of taste, odor and colour of water 
and gas. The first application of membrane on a large scale was with MF and UF. 

2.1 Microfiltration 

It is one of most desired separation processes for wastewater treatment and its background 
was started in 1920s. Commercially available first MF membrane was prepared from 
nitrocellulose in 1926. Though, in 1940s the usage of MF membranes increases, however, 
it was little limited in the small-scale industries and laboratories till 1960s. In-line or dead-
end mode of filtration is the most commonly used process for MF. Cross-flow mode was 
introduced in the year 1970s to MF and thus its application increases to large industrial 
scale. After few years, third type of MF was emerged as semi-dead-end filtration. In 1990-
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93, MF/UF was installed for first time in order to treat surface water [17-18]. MF is 
generally used for the segregation of suspended particles with diameter in the range 0.1 - 
10µm from a fluid mixture. This range of particles includes a wide variety of natural and 
industrial materials. The solute separated by MF is typically larger than those separated by 
UF and NF and thus negligible for RO. The pore diameter and permeate flux is also greater 
for MF than UF, NF and RO. 

Table 1  Membrane separation process based on pore size distribution. 
 Particle 

size 
(µm) 

Molecular 
weight 
(Da) 

Pressure 
bar 

Separation 
mechanism 

Particle 
characteristics 

Removable 
particles 

Material 
retained 

Ref 

MF 0.1 – 1 105 - 106 0.5 – 1  Molecular 
sieve 

Macromolecular 
to cellular 

Water, 
Bacteria, cells, 

polymers, 
colloids, humic 

acids, oil 
emulsions 

Bacteria, 
suspended 
particles 

[3, 15, 
16, 19, 
20, 40, 

75] 

UF 0.01 – 
0.1 103 - 105 1 – 10  Solution 

diffusion 
Molecular to 

macromolecular 

Small colloids, 
humic acids, 

protein, viruses, 
pesticides, 

polysaccharides 

Glucose, 
lactose, salt, 

micropollutants 

[3, 15, 
16, 19, 
20, 35, 

76] 

NF 0.001 – 
0.01 100 - 1000 5 – 70  Molecular 

sieve 
Ionic to 

molecular 

Pesticides, 
endocrine 

disruptors, salts 

Colloids, 
macromolecules 

[3, 15, 
16, 20, 
77-80] 

RO 0.0001 
– 0.001 100 10 – 100  Molecular 

sieve Ionic 

All 
contaminants 

including 
monovalent 

ions 

Dissolved salts 
[15, 16, 
20, 81-

83] 

2.2 Ultrafiltration 

UF is a powerful and novel separation process that is used for the fractionation of micro-
solutes and water from macromolecules, colloids and protein. It is carried out by a finely 
porous filter medium (membrane) of size ranging in 50 to 1 nm. The MWCO for UF 
membranes ranges 1,00,000 to 2,00,000Da [15]. Membranes used in UF are characterized 
by pore size in the range 0.001-0.1µm able to retain species. The retentate for UF includes 
sugars, polymers, proteins, biomolecules and colloidal particles whereas salts whilst 
solvent will pass through the membrane. Both MF and UF process mechanism works on 
the principle of separating the molecules using porous membrane as per their pore size 
distribution [19]. UF often operated in tangential direction of upstream surface of 
membrane. However, membrane fouling by protein accumulation is a major limitation of 
UF membranes.  
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The required driving force for transport facility through MF and UF filter medium is a 
pressure gradient which forces the suspended solid and solutes to pass through the 
membrane where they are accumulated as permeate and retentate. As MF and UF do not 
typically reject salts, the pressure gradient is very less (1 -10 bar) as compared to RO. 

The rejection efficiency R of a membrane is evaluated by: 
 𝑅𝑅 = 1 −  𝐶𝐶𝑝𝑝

𝐶𝐶𝑟𝑟
                                                                                                     (1) 

Where Cp denotes concentration of permeate and Cr represents retentate concentration in 
mol.m-3. R is the function of pore size, particle size and porosity.  

 
Figure 1  Retention and permeation of particle size via membrane [16, 20]. Redrawn. 

Permission is taken from Elsevier. 

 

The rejection phenomena of MF and UF membranes are generally demonstrated by 
minimal molecular weight cut off (MWCO) that is expressed as MW of smallest species 
retained by the membrane. Alternatively, the permeate flux across porous filter medium is 
affected by pressure gradient applied on the membrane, membrane resistance and the 
viscosity of fluid to be passed. The volumetric flux is determined by- 
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𝑄𝑄𝑣𝑣 =  𝑃𝑃(∆𝑝𝑝− ∆𝜋𝜋)
𝑙𝑙

                                                                                               (2) 

Where Qv is volumetric flux, P is co-efficient of permeability, l is membrane thickness in 
m, Δp and Δπ is hydrostatic and osmotic pressure gradient (Pa) respectively.   

(a) Dead-end mode 

(b) Cross-flow mode 

Figure 2 Filtration mode for MF and UF membrane [20]. 
 

MF and UF membranes can be employed for both cross-flow and dead-end filtration [21] 
as shown in Fig 2. In dead-end mode, solution is fed perpendicularly across the filter 
medium under sufficient pressure and rejected particles (retentate) are accumulated on the 
surface. To maintain the flow, pressure increases to some extent that membrane should be 
replaced. In contrast, feed solutions are supplied tangentially through the membrane in 

Feed solution 

Filtrate (Permeate) 

Retentate 

Pressure & Flow 
direction 

Membrane 

Feed Flow 

Retentate 

Pressure 
 

Filtrate (Permeate) 

Membrane 
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cross-flow filtration in order to get clean, particle free permeate [22, 23]. Even though, the 
infrastructure require for cross-flow mode is more difficult, but membrane lifespan and 
flux rate are relatively higher than dead-end filtration [24].  

Dead-end mode is most favorable choice for batch studies, but for continuous process cake 
formation occurs due to the deposition of retentate which eventually reduces the membrane 
flux [25, 26]. This cake layer can be removed by backwashing (flow from opposite 
direction of feed stream) and thus the operation must be stopped [27]. In contrast, cross-
flow mode allows continuous feed stream and the tangential flow direction helps in keeping 
membrane clean by scouring velocity. 

3. Polymeric materials for membrane preparation 

Significant advantages of polymeric substances than inorganic materials (metals and 
ceramic) for membrane preparation in order to execute separation process include: 

• high flexibility 

• segments and functional groups for specific applications  

• high selectivity for target separation 

• less expensive 

• low energy consumption  

MF and UF membranes are usually fabricated by natural polymers such as cellulose 
derivatives and synthetic polymers i.e. synthetic polymer like cellulose acetate (CA), 
polypropylene (PP), polyacrylonitrile (PAN), perfluoropolymers, polyamides, 
polysulfones, polyvinylidene fluoride (PVDF), polyethersulfone (PES), etc. [6]. Lots of 
literature reviews are reported about the structure and novel functions of advanced 
polymeric membrane. MF and UF membranes are generally prepared using these polymers 
and by phase inversion methods [28].  

Aliphatic polyamides like nylon-6, nylon 4-6, and nylon 6-6 are extensively used as MF 
membranes and characterized by good thermal, chemical, and mechanical stability. 
Amorphous polymers are generally used to prepare UF membranes owing to their 
convenient resolution and control of small pore size. Polymeric materials which have a 
glass transition temperature are generally employed. In particular, polyacrylonitrile (PAN) 
widely used for general aqueous systems because of its resistance to solvents and 
chemicals, also exhibits relatively low protein binding owing to its hydrophilic properties. 
Polysulphone (PS), also widely used in the production of UF membranes, has good 
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mechanical strength and resistance to heat and pH; in contrast it exhibits poor resistance to 
solvents.  

3.1 Biopolymers 

Utilization of organic polymers for membrane preparation has extensively increasing due 
to their unique properties. Their shape, size and structure can be altered as required for a 
specific application. In spite of not being a novel material for membrane preparation, the 
renewable characteristics of cellulose are of great interest. In addition, cellulose has 
stability in wide range of solvents [29]. Nanocellulose (NC) i.e. cellulose nanofibers (CNF) 
and cellulose nanocrystals (CNC) for MF and UF membranes can be a sustainable 
alternative towards molecular separation process [30].  

3.2 Amphiphilic polymers 

Amphiphilic polymers includes both hydrophilic (water loving) and hydrophobic (water-
hating) polymers. Though hydrophilic substances are incorporated for the manufacture of 
MF and UF membrane, but it is not suitable as water molecules act as plasticizers affecting 
thermal stability and mechanical strength. Crystalline polymer possesses high thermal 
stability and chemical resistance since the crystalline domain contributes to effect of cross-
linking between amorphous domains and hinders the free rotation of polymer segments. 
MF membranes generally consist of crystalline polymers. Polytetrafluoroethylene (PTEE), 
poly (vinylidene fluoride) (PVDF), polypropylene (PP), are typical hydrophobic polymers 
widely used as MF materials. Hydrophobic materials are also widely used to minimize 
adsorption phenomena which reduce permeate fluxes and create difficulties in membrane 
cleaning.  

3.3 Thermoplastic polymers 

Thermoplastic polymers, also known as thermo-softening plastics, are defined as a polymer 
material which becomes moldable or pliable at a specific elevated temperature and 
solidifies at low heat. Example of thermoplastic polymers includes polypropylene (PP), 
polystyrene, polyvinyl chloride (PVC), polyethylene (PE), etc. Superiority of such polymer 
over other polymeric substance includes: 

• These are light weight 

• it has high strength 

• it is recyclable 

• it is high molecular weight polymer 

• these can be reshaped by heating and cooling  
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• intermolecular force acting between polymer chains becomes weak upon heating and 
thus allows a liquid with high viscosity 

4. Membrane filtration technology 

Membrane filtration technology is an effectual separation process as compared to other 
conventional methods and has gained huge interest in industrial scale over last few decades. 
Besides solid, liquid and gas separation, membrane can also separates negative or positive 
charge, neutral or bipolar [1]. In the separation process, membrane or filter medium firstly 
act as a semi-permeable barrier and then it transports the particles through it. As an 
effective process, membrane technology is most favorable technique for oily wastewater 
treatment (by separating oil from the wastewater), in fuel cell industries, food industries, 
pharmaceutical, desalination, etc.  

4.1 Membrane characteristics 

Membranes are generally thin films. On the basis of its structure, membranes are classified 
into various categories namely isotropic (or symmetrical), non-isotropic (or asymmetrical), 
homogeneous and non-homogeneous, porous and non-porous [31]. Table 2 shows various 
characteristics of membrane applicable for separation process.  

 
Table 2  Characteristics of membrane and membrane technology. 

Membrane process Characteristics Ref 

Separation Particles, liquids, ions, molecules, gases, etc. [20, 84, 
85] 

Flow pattern Dead-end filtration, cross-flow filtration [20, 85] 

Recycle process Backwashing [20, 85] 

Shape Hollow fiber, flat sheet, tubular, capillary, capsule [29, 31, 
84-86] 

Preparation method 
Phase inversion, sol-gel process, track-etching, 

extrusion, stretching, micro-fabrication, interface 
reaction, 

[29, 31, 
86] 

Driving force Pressure, temperature, concentration, voltage [29, 84] 

Membrane material Inorganic materials (Ceramics, metal, oxides), 
Organic polymers, composite materials [31, 86] 

Membrane cross-section Isotropic, Anisotropic, mixed matrix composite, bi-
layer, multi-layer,  [31, 86] 

Structure Porous, non-porous, charged [84] 
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Symmetrical membranes are characterized by identical structures and its transport 
phenomena occur over entire membrane cross-section. Conversely, structure and transport 
characteristics of asymmetric membrane vary over the membrane cross-section; typically, 
a relatively dense thin selective layer (0.1-1µm) is supported by much thicker (100-200µm) 
porous substrate. The mass flux is mainly evaluated by the thickness of selective layer, 
whereas porous sub layer provides mechanical strength and has minimal effect on the 
separation process. Fig 3 shows a schematic diagram of various types of membranes 
according to their structure.  

An ideal porous membrane is defined as dense polymer made up of cylindrical pores and 
can be prepared by track-etching. This procedure involves irradiation of a thin polymer 
layer (about 10µm thick) with splitting particles from a nuclear reactor or other radiation 
source. The highly energetic ions penetrate the polymeric film and disintegrate the polymer 
chains leaving ‘tracks’ in the membrane material (tracking). In the etching step, the tracked 
film is immersed in a solution with extremely high or low pH in which tracks are converted 
into cylindrical pores with a uniform diameter and a narrow pore size distribution. The 
exposure time of film to radiation controls the number of membrane pore (pore density), 
while the etching time determines the pore diameter which can range between 0.2 µm to 
10 µm. Membrane prepared by track-etching procedure are symmetrical and permeate flux 
is proportionate to the membrane thickness; consequently, they have to be thinner than 
asymmetric microporous membranes in order for having comparatively high flux. 
Polycarbonate and polyester films are the usual materials used for track-etched membranes. 
The porosity of these membranes is of the order of 10%. 

4.2 Membrane process and separation mechanism 

Separation process occurs with membrane as a result of gradient through the membrane 
and thus membrane separation technology may be subdivided into two categories based on 
gradient types – pressure driven and non-pressure driven. The first category occurs due to 
the pressure gradient across the membrane which is called transmembrane pressure (TMP). 
On the other hand, concentration gradient is the base of non-pressure driven membrane 
filtration; for example, forward osmosis and dialysis. Cross-flow microfiltration, a pressure 
driven process, has a wide range of application in concentrating, separating, and purifying 
colloids, macromolecules, suspended particles from mixture.  

Passive transport is defined as a type of membrane transport with any requirement of 
energy for passing the particles across the membrane. Such phenomena occurs as a result 
of driving force which is created by a difference of concentration, pressure or by an electric 
field [32]. Table 3 shows the classification of membranes according to passive transport 
characteristics. On the other hand, active transport phenomena of a membrane require 
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external energy to pass particles through membrane. It helps to transport molecules which 
are unable to move against gradient or any other resistance of the process.  

 

 
Figure 3  Schematic diagram of various polymeric membranes [10] 

Table 3  Characteristics of membrane technology via passive transport. 

Characteristics Criteria Reference
s 

Membrane type Non-porous 
Micro-
porous 

Meso-
porous 

Macroporous [3, 15] 

Pressure required (bar) 15-75 5-15 2-5 1-3 [3, 16] 

Pore diameter (dp) 0.3-0.6 
dp ≤ 2 

nm 
dp = 2-
50 nm 

dp = 50-500 
nm 

[10, 15] 

Transport 
phenomena 

Concentration Pervaporation Dialysis Dialysis - [10, 29] 

Pressure 

Gas 
separation 
Reverse 
osmosis 

(RO) 

NF UF MF [10, 29] 

Electrical 
fields 

Electro-
dialysis - Electro-

dialysis - [10, 29] 

 

Non-porous membranes are defined as dense films in which permeate pass through by 
pressure, concentration or electrical field gradient. It is mostly used for molecular 
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separation, RO and NF of gas phase. The selectivity and transport rate of a non-porous 
membrane can be controlled by the interconnection within membrane material and 
permeate [33]. The efficiency of membrane separation is described by diffusion or solution 
selectivity. As very limited numbers of molecules or mixtures can transport via non-porous 
membranes, therefore, high-selectivity of transport characteristics can be achieved. A 
substitute of molecule-selective technique by non-porous membrane is the application of 
special transport process i.e., facilitated transport by affine carriers.  

For porous membranes, the selectivity and transport rate are affected by size exclusion and 
the viscous flow. However, the interaction between solute and membrane pore surface 
gradually minimizes membrane performance. In addition, selective adsorption can be 
applied with meso- and macroporous membranes as a sustainable alternative approach 
towards separation process. Porous membranes can be used for very specific separation-
based operations as per size and shape differences. It is obvious that membrane selectivity 
and permeability can be fully influenced by concentration polarization. The trans-
membrane gradient significantly decreases with the increase in concentration of rejected 
molecules or particles on the surface of membrane (membrane fouling). Membrane fouling 
is the unwanted deposition or adsorption of materials in/on separation layer. High yield, 
throughput and purity of any product after filtration i.e., ideal membrane performance can 
be obtained by adaption of process conditions and membrane materials. That is why, 
optimization of membrane module configuration and process design is necessary before 
applications.  

5. Application of MF and UF polymeric membrane 

MF and UF membranes have broad range of applications in wastewater treatment, food 
industries, pharmaceutical industries, pulp and paper industries, beverage production, etc. 
[34]. Besides solid, liquid and gas separation, membrane can also separates negative or 
positive charge, neutral or bipolar [1]. In the separation process, membrane or filter 
medium firstly act as a semi-permeable barrier and then it transports the particles through 
it. As an effective process, membrane technology is most successful process for treatment 
of oily wastewater (by separating oil from the wastewater), in fuel cell industries, food 
industries, pharmaceutical, desalination, etc. Table 4 shows various applications of MF and 
UF membranes in the separation process.  
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5.1 Oily waste water treatment 

Wastewater purification is an emerging issue for environmental, social and economic 
growth of an area and thus for a country. Huge amount of emulsified solution as a part of 
oily wastewater are produced on daily basis from kitchen, food processing factories, oil 
manufacturing industries, pharmaceuticals, petrochemical industries, etc. [15]. Separation 
of oil from solution is necessary and quite challenging. For oily-wastewater treatment, 
polymeric membrane fabricated with hydrophilic particles can be a great choice for 
facilitating the separation of oil that can easily pass the water across membrane [1]. MF 
and UF polymeric membranes are the substantial approach for oil-water separation, 
however, UF shows better rejection efficiency than MF membranes [35]. Hydrophilic 
particles embedded in polymeric membrane are able to repulse the oil droplets and allow 
water to pass through the membrane [36-39]. Sludge of oily wastewater includes phenols, 
benzofluorene, phenanthrene, aromatic hydrocarbons, toluene, alkanes, benzene, 
anthracene, pyrene, etc. [40-42]. MF membranes have high flux and thus cause a greater 
risk oil passage. On the other hand, UF membrane possesses higher recovery of water, 
lower tendency of fouling formation and easy removal of fouling.  

5.2 Food processing industry 

Utilization of MF and UF polymeric membranes in food processing industries is an 
essential tool for separation process and was gained popularity over 30 years. Literature 
shows that almost 20-30% of total cost for membrane preparation was from food industries. 
Membrane filtration technology is extensively used for clarification of alcoholic beverages, 
water purifications, production of protein content rates, clarification of fruit juice, 
concentration of beverages and fruit juice, recovery of oil-seed protein, sugar recovery 
from candy, etc. [43].  

5.3 Poultry slaughterhouse wastewater 

Huge amounts of water are consumed in the poultry slaughterhouse in order to process live 
birds to meat thereby generating large quantity of wastewater. The estimation of water 
consumption is around 26.5 litres per bird [44]. The wastewater from this slaughterhouse 
contains carbohydrates, protein, fats, blood, feather, skins, etc. It is contaminated with grit, 
inorganic materials, pathogenic bacteria and fecal matters. Therefore, such wastewater is 
highly rich in BOD and COD.  
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Table 4  Application of MF and UF polymeric membrane. 
Treated items Type of 

membrane 
Polymer used Filtration mode Remarks/Results Refs. 

Oil emulsions MF PTEE Cross-flow High oil emulsion 
removal  [39] 

Poultry 
slaughterhouse 

wastewater 
UF UF-25-PAN - 

99% fats, 98% 
suspended matters, 

94% BOD and COD 
removal 

[44] 

Synthetic 
emulsified Oily-

wastewater 
MF PVDF Cross-flow 95% removal of 

organic matters [87] 

Vegetable oil 
factory UF UFPHT20-6338 

(Polysulphone) Cross-flow 
91% COD, 87% TOC, 
100% TSS, 40% Cl-, 
85% PO4

3- removal 
[88] 

Municipal 
wastewater MF 

PP, 
Polysulfonether, 
Fluoro-polymer 

Dead-end 

Coliforms and 
phosphorus removal – 

removal of 
contaminants less than 

detection limit 

[89] 

Textile wastewater UF PVDF - 20% colour and 60% 
COD removal [90] 

Oily wastewater UF-RO Polyacrylonitrile, 
polyamide Cross-flow 

Reduction of 100% oil 
and grease, 98% TOC, 

95% TDS, 100% 
turbidity and 98% 

COD 

[91] 

Urban wastewater MF-RO Polysulfone - 

Removal of 
pharmaceutical and 

pesticides to discharge 
limit 

[92] 

Textile wastewater MF-NF Polyetherimide Cross-flow 
Indigo blue-dye 
removal, water 
recovery 40% 

[93] 

CO2 separation MF 

Poly(ethylene 
glycol) and 

poly(dimethyl 
siloxane) 

- 50% removal 
efficiency [94] 

Refinery 
wastewater UF-RO 

Polyacrylamide 
and 

Polyaluminium 
chloride 

Cross-flow Rejection of 97% salt  [95] 

Metal finishing 
industry UF-RO PVDF Cross-flow 90-99% removal of 

different contaminants [96] 
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6. Membrane fouling and cleaning 

6.1 Membrane fouling 

Membrane fouling is the main limitation encountered at the time of practical application 
of separation process. It occurs when macromolecules, particles, biomolecules, salts, 
colloids, organic matters, microbes, protein, etc. are retained or accumulated on/in the 
membrane pores and surface thereby minimizing the performance and permeate flux [45-
47]. When foulants (material causing fouling) are settled down in membrane pores then it 
cannot be removed, thus fouling is considered as an irreversible process. Large amount of 
foulants deposition causes a formation of cake layer which eventually decreases membrane 
performance by blocking the pores [48]; however, this type of fouling is reversible [45]. 
As results, higher pressure is required to free up transportation of particles through 
membrane. The more the fouling, the higher the pressure desired [45]. Therefore, fouling 
has adverse effect on overall membrane performance such as huge consumption of energy, 
decrease in membrane filtration area, more down time, etc.  

The correlation between applied pressure and permeate flux is demonstrated by Darcy’s 
law. The flux for an unfouled and fouled membrane is given by equation 3 and 4 
respectively. 

 𝐽𝐽𝑤𝑤 = ∆𝑃𝑃− ∆𝜋𝜋
𝜇𝜇𝜇𝜇𝑚𝑚

                                                                                                          (3) 

   𝐽𝐽𝑤𝑤 = ∆𝑃𝑃− ∆𝜋𝜋
𝜇𝜇(𝜇𝜇𝑚𝑚+𝜇𝜇𝑓𝑓)

                                                                                                      (4) 

Where Jw is permeate flux, µ denotes viscosity of liquid, Rm and Rf represents membrane 
resistance without or with fouling respectively. It can be seen from equation 4 that, when 
fouling increases the denominator also increases and therefore the permeate flux decreases.  

According to the type of foulants, the membrane fouling can be classified into various 
categories such as organic fouling, biofouling, colloidal and inorganic fouling [49]. Colloid 
fouling can be either inorganic, organic or composites. Colloids may include 
polysaccharides, microorganisms, lipoproteins, biological debris, silts, oils, clay, 
manganese oxides, iron, etc. 

Fouling of membrane is also differentiated by the mechanism of its appearance and thus 
divided into four types (as shown in Fig 4) -  

• Complete pore blocking 
• Partial pore blocking 
• Internal pore blocking 
• Cake layer formation  
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Figure 4 Comparison between various types of fouling [20]. Redrawn.  Permission is 

taken from Elsevier. 

Several factors affecting the mechanism of fouling of membrane are size of solute or 
particle; structure of membrane (MF and UF membrane); interaction between solvent, 
solute, and membrane; and membrane porosity. Recently many research work has focused 
on proteins [50], algae [51], colloidal materials [52], oil [53,54], and organic matter 
foulants [55]. The functionality of MF and UF membrane solely depends on their fouling 
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properties and various researchers have improved many strategies for its minimization or 
removal. One of such strategy includes cleaning of membrane.  

6.2 Membrane cleaning 

As time passes, foulant materials stick to the membrane surface. Therefore, cleaning is 
necessary in order to increase the membrane performance i.e., permeability and selectivity 
by minimization or removal of fouling material. A cost-effective and efficient cleaning 
process plays a significant role in wastewater treatment. Various physical, chemical and 
synergistic applications were studied for cleaning of membrane fouling and this depends 
on the membrane as well as feed solution [3]. Membrane cleaning for MF is quite limited 
whether many works were reported on UF membrane cleaning. The incorporation of 
hydrophilic materials into polymeric membrane increases the hydrophilicity which helps 
in resisting the formation of fouling [31]. This is carried out by immobilization of 
hydrophilic polymers by plasma or photo parization [56-58], or surface modification [59], 
or inclusion of hydrophilic polymer to the casting solution [60]. Cleaning of fouled 
membrane can be broadly classified as chemical, physical, physico-chemical and 
biological (or biochemical) cleaning [3].  

6.2.1 Chemical cleaning 

When the membrane fouling is in irreversible condition, chemical cleaning is employed to 
it. The principle of this process relies on the interaction between membrane material and 
foulants, cleaning material and membrane, foulants and cleaning material. This basic 
knowledge helps in selecting the best suited chemical for foulant cleaning [61]. It is 
considered as the most suitable and efficient method for enhancement of membrane 
lifespan, product safety and to maintain continuous filtration operation. The effect of such 
cleaning process includes loosening and dissolution of foulant, avoidance of new foulant 
creation, and no adverse impact to the membrane materials. During this process, cleaning 
agents added to the residue at place which helps in weaken the bonds of foulant to material 
and then cross-flow filtration is applied to remove the fouling. Cleaning agents for 
chemical cleaning includes chelating agents, acids, disinfectants, bases (or alkalis), 
surfactants, etc. Each agent has its unique role for application. For example, acids are used 
for removal of inorganic foulants such metal oxides and salt precipitates. Hydrochloric acid 
(HCl), nitric acid (HNO3), sulphuric acid (H2SO4) and phosphoric acid (H3PO4) are the 
commonly used acids for chemical cleaning [62, 63].  On the other hand, Alkalis or bases 
are used for eliminating organic foulants from the membrane. Most commonly used alkali 
or base is sodium hydroxide (NaOH). However, phosphates and carbonates are also 
employed for this operation [3,64].  
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6.2.2 Physical cleaning 

Physical cleaning of membrane fouling is a mechanical process and includes pneumatic 
cleaning, periodic back flushing, ultrasonic cleaning and sponge-ball cleaning. Periodic 
back flushing applies a pressure in the permeate side to cause a backward movement of 
fouling material and thus helps in loosening the bond of materials. It is most commonly 
used for gel and cake layer removal [65]. In the ultrasonication cleaning process, 
ultrasounds are employed to create agitation in the aqueous medium and thus transmitting 
energy as of turbulence to the membrane material. Such energy helps in unloading the 
foulant from the membrane surface. Ultrasonic cleaning is an effective physical cleaning 
process and mostly depends on the velocity of cross-flow, operational temperature, power 
of ultrasound wave and duration of pulse [66-68]. 

As the name suggests, sponge-ball cleaning is carried out by sponge balls (made up of 
polyurethane) for wiping out the membrane surface. The balls are inserted into the 
permeator, scrubbed the pores by moving and wipe off the foulants. Pneumatic cleaning 
includes air scouring and air lifting. In the process, air is supplied under a certain pressure 
which generates a shear force between the foulants and membrane materials thereby 
executing the cleaning process.  

6.2.3 Physico-chemical cleaning 

This cleaning process is a combination of physical as well as chemical process for foulant 
removal. Therefore, chemical agents are added during physical cleaning process for 
enhancement of the removal efficiency i.e., better cleaning performance. Chemically 
enhanced backwashing (CEB) is the most significant process for physico-chemical 
cleaning process. Another example includes the application of ultrasonication during 
chemical cleaning which reports 95% removal efficiency [69-70].  

6.2.4 Biological or biochemical cleaning 

Biochemical or biological cleaning is carried out by utilizing different bioactive agents 
such as enzymes, a single molecule or enzyme mixture [71-72]. There is a possibility of 
damage of membrane material during chemical, physical or physico-chemical cleaning, but 
biological cleaning is less toxic to membrane material thereby considering it as a 
sustainable cleaning approach [72-74].  

7. Recommendation for future research 

Membrane technology is gradually achieving huge success in the field of water and 
wastewater treatment and gas separation. Over past years, numerous works has been done 
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in this area, however, there is still some limitation and further improvement is necessary. 
As fouling and huge energy demand is a key limitation in non-equilibrium pressure driven 
process, constant research is required for achieving a solution of this problem either by 
incorporating anti-fouling agents to the membrane or introducing a cost-effective 
pretreatment method. On the other hand, recovery of solute can make the whole process 
cheaper. Future scope of research must focus on alternative process for recovery of salt-
based draw solutes.  

Conclusion 

There are numerous applications of MF and UF membrane technology for wastewater 
purification and potable water generation to minimize the scarcity. This chapter 
summarizes basic principle of filtration methodologies (MF and UF membrane filtration), 
several polymeric substances for membrane preparations, membrane design and separation 
mechanisms, their application in various waste water treatment and lastly surface 
modifications to improve flux, performance and antifouling properties by incorporation of 
other advanced functional polymeric materials to make the filtration process handy and 
cost-effective.  
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Abstract 

This chapter covers an inclusive overview of the polymeric membranes with advanced 
functions in numerous applications such as water and gas separation, medical and emerging 
technologies include fuel cells, lithium-ions batteries, electroconductive, and 
optoelectronics. The membrane’s performance and behavior in terms of selectivity, 
permeability, and separation process for these applications are determined by the materials 
used in the membrane’s construction. Thus, in this chapter, the potential of different 
polymers for functional membranes are discussed including their applications based on 
their suitability in terms of types, fabrications, and mechanisms. For each application, the 
polymer membrane technology, the challenges, and the future direction are also discussed. 
The membrane technology is also always evolving, especially the development of 
functional polymer membranes for a variety of applications, so that quality of life is 
improved. 
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1. Introduction 

Membranes are selective barriers that qualify components of varying sizes or 
physical/chemical qualities to be separated. The selectivity and permeability of the 
membranes utilized determine the efficiency of a membrane separation process [1]. 
Generally, membranes can be categorized based on different nature of materials (natural 
or synthetic), type of materials (polymer or inorganic) and structure (porous or non-porous) 
[2]. Natural membrane is a membrane in nature such as biological membrane, consists of 
phospholipid bilayer which involving biochemical reaction for the ions and chemicals 
transportation, whereas, synthetic membrane is basically artificially created membrane 
typically made up of cellulose, filter and synthetic polymer for laboratory or industry 
applications. On the other hand, the organic membrane is a membrane constructed from 
the organic polymer materials which include polyethylene (PE), polypropylene, 
polytetrafluorethylene (PTFE), and cellulose acetate. Meanwhile, inorganic membrane 
refers to membrane made by ceramics, metals, zeolites, or silica [3]. Apart from that, 
porous and non-porous membranes are dissimilar in terms of selectivity, permeability and 
separation process, where porous membrane is normally used for micro- and ultrafiltration 
via particle size differentiation, whereas, non-porous membrane is usually applied for 
nanofiltration and reverse osmosis using pressure or concentration gradient [2]. 

In this chapter, the focus is on the polymeric membranes in various applications. Polymeric 
membranes, also known as organic membranes, are a class of liquid separation 
technologies that are among the best in the industries in terms of performance and 
efficiency. Because of their great manufacturability, low cost, and abundance, polymeric 
materials have played a significant role in membrane development, and they will preserve 
to do so in the future, as demonstrated by the chemistry-processing-structure-performance 
paradigm [4]. Polymeric materials versatility to be tailor made with various functionalities 
have elevated their usage in the membranes field.  Furthermore, polymer membranes are 
more appealing because of their simple production and processability. This is owing to the 
broad range of barrier structures and features that polymer materials can create [5]. 

In fact, polymer-based membranes are also utilized to control the selective transport of ions 
and/or water in applications such as water purification, batteries, and fuel cells. The precise 
nature of ion and water transport is frequently confusing, and it is dependent on the intricate 
interplay between polymer structure and dynamics that allow movement [6]. Therefore, the 
relevance of polymeric materials in membrane technology is highlighted in this special 
chapter focusing on water and gas separation, medical and emerging technologies (fuel 
cells, lithium-ions batteries, electroconductive, optoelectronic) applications. Whereas, the 
later part of this chapter is discussed on the challenges and future direction of polymer 
membrane technology highlighted on the aforementioned applications. 
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2. Functional polymer membrane for water and gas separation applications 

Membranes are used in water purification and treatment, detoxification of polluted water 
and desalination of seawater and brines. Water treatment and detoxification involve the 
removal of contaminants such as natural organic matter (dissolved and non-dissolved), 
nutrient ions (phosphate and nitrate) and emerging pollutants including organics, chemical 
dyes and heavy metals [7]. Meanwhile, seawater desalination involves the removal of 
dissolved salts to produce saltwater appropriate for domestic, human consumption, or 
industrial/agricultural applications. 

In water treatment sectors, membrane technology is dominating and is considered easier 
operation, more economical, versatile, low-energy intensive, and efficient compared to 
other techniques such as chemical precipitation, adsorption, electrolysis and conventional 
coagulation [7]. The use of a membrane in water treatment also allows large quantities of 
material to be separated at a molecular scale without phase changes producing high-quality 
water with low chemical sludge effluent.  

Membranes are also used to clean exhaust gases and are commercially used in purification 
and gas separation mainly hydrogen recovery from gas streams, vapor/gas separation, air 
dehydration, and treatment of natural gas and biogas [8]. 

2.1 Types of water and gas membranes  

In water treatment and gas separation processes, a porous membrane or dense membrane 
can be used. However, dense membranes are less frequently chosen due to the low flow of 
the permeate across the membrane [7]. The cross-section of these membranes can be 
isotropic (i.e: symmetric) or anisotropic (i.e: asymmetric). Isotropic membranes such as 
porous, nonporous dense and electrically charged membranes are chemically homogeneous 
in composition. The porous membranes can be found in different classes according to their 
pore sizes.  

Meanwhile, two main types of anisotropic membranes are composite and phase-separation 
membranes. The phase separation membranes have a homogeneous chemical composition 
as in isotropic membranes however, the porosity and pore sizes are different across the 
membrane thickness. Composite membranes, for instance, coated films and thin-film are 
structurally and chemically homogeneous in which a thin surface layer is supported by a 
thicker porous structure. Both layers are typically made from different classes of polymeric 
materials [9]. Nowadays, most of the dense membranes are fabricated with a dense top 
layer on a porous structure [7].  

For industrial gas and liquid separation, thin-film composite membranes are usually 
applied. This type of membrane commonly consists of high permeability protective or 
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sealing layers (to prevent damage during handling), selective polymer layer (to provide the 
desired separation properties), gutter layer made up of a high permeable polymer (to 
improve interlayer compatibility and support layers) and support layers that highly 
permeable (to provide mechanical strength to the membrane) [10].  

2.2 Water and gas membrane materials 

For water treatment, membranes can be produced from inorganics materials such as 
titanium dioxide, zeolites or ceramics that possess advantages compared to polymeric 
membranes type in terms of mechanical, chemical, and thermal stabilities, fouling-
resistance, reusability and photocatalytic ability [9]. However, their large-scale 
applications are limited due to brittleness (fragile) and high operational cost.  

Industrially established membranes for water filtration using microfiltration (MF), 
nanofiltration (NF), and ultrafiltration (UF) membranes are mainly made from organic 
polymers such as polysulfone (PSU), polyetherimide (PEI), polyacrylonitrile (PAN), 
polyethersulfone (PES), polyvinyl chloride (PVC), polycarbonates (PC), polyamides (PA), 
polypropylene (PP), polyvinylidene fluoride (PVDF), and cellulose acetate (CA) [9]. Table 
1 lists the types of membranes used for different water treatment processes based on their 
pore sizes, membrane materials and applications. Preparation methods of these membranes 
may be different to produce different pore sizes to suit different applications. Membrane 
distillation is different from water filtration in which the driving force for separation is 
thermal and the requirement for more hydrophobic, more porous and higher 
chemical/thermal resistance membrane materials in the former [11].  

Polymeric membranes are extensively used in water treatment and desalination because of 
the high modification flexibility, simple pore fabrication procedure, high efficiency in 
separating particles and dispersed oil, easy operation and fabrication and relatively lower 
cost compared with inorganic membranes [7]. However, the use of polymeric membranes 
in water filtration processes leads to problems with poor wettability, pH-dependency and 
fouling tendency mainly due to their inherent hydrophobicity. Table 1 shows the type of 
membranes in different water treatment processes. 

To overcome the problems, surface modifications, functionalization or 
synthesis/fabrication of well-defined structures can be done. Other functionalized polymers 
(e.g: polyacrylic acid or polymethyl methacrylate) have been incorporated as a second 
component in the membranes material to enhance the membranes’ hydrophilicity. Organic 
nanofillers also are added to the polymeric membranes to improve their performance. Clay 
is one of the preferred fillers due to its water purification capability and other advantages 
including economical, easy to synthesize with enhanced thermo-mechanical properties [7].  
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In addition, functionalization of the clay and/or polymer can be done to enhance 
performance as well as mechanical, thermal, and chemical stability to suit specific needs 
in target membrane applications. Functionalization of clay can be conducted using 
surfactant, coupling agent or salt (intercalation modification). Surface modification of clay 
using surfactants such as alkyl ammonium salts makes the clay surface more hydrophobic 
for better dispersion stabilization. 

Table 1  Types of membranes used in different water treatment processes [9,10]. 
Process Pore 

sizes 
(µm) 

Driving 
force 

Filtrate Membrane 
materials 

Applications 

Microfiltration 
(MF),  

0.1-5  Induced 
Pressure  

Particles, 
asbestos, cellular 
materials (red 
blood cell and 
bacteria) 

PP, PVDF, 
PVC, PTFE 

Desalination 

Ultrafiltration 
(UF), 

0.01-
0.1 

Induced 
Pressure 

Large particles, 
microorganisms, 
dissolved bio-
macromolecules 
(pyrogen, protein 
and viruses) 

PSU, PES, 
PVC, 
PTFE, CA 

Wastewater 
treatment, protein 
separation, food 
processing, water 
remediation, 
recovery of 
surfactants in 
industrial 
cleaning 

Nanofiltration 
(NF), 

0.001-
0.01 

Induced 
Pressure 

Organic 
molecules, 
viruses, a range of 
salts, divalent 
ions 

PSU and 
PES 
(supporting 
substrates), 
CA 

Soften hard 
water, remove 
organic matter, 
wastewater 
treatment and 
recovery 

Reverse 
osmosis (RO) 

0.000
1-
0.001  

Induced 
Pressure 

Aqueous organic 
solids (minerals, 
salt ions, and 
metals ions) and 
organic 
substances 

PSU and 
PES 
(supporting 
substrates), 
CA PA 

Brackish 
seawater and 
groundwater 
desalination, 
potable water 
production 

Membrane 
distillation 

0.1-
0.6 

Thermal  Salt PP, PTFE, 
PVDF, 
zeolites, 
ceramics 
(support) 

Desalination  
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Surface functionalization with the polymer can be carried out by either physical adsorption 
polymers or chemical grafting. Physical adsorption using anionic or non-ionic polymers 
causes adsorption of clay physically on the surface of the polymer leads to alteration of 
physical and chemical properties. Chemical grafting leads to covalent bonding of the 
polymer and the clays. Further explanation on each of the methods is reported by Buruga 
et al. (2019).  

Multiple functionalities can help not only to sieve the contaminants from the aqueous 
solution but also able to absorb, degrade or deactivate the contaminants. In fact, functional 
polymer-clay membranes can be used for heavy metal removal, dye removal, 
microbial/fungal removal, desalination of seawater and as superabsorbent for pollutants 
removal [7]. These membranes are also attractive for their antifouling properties. However, 
the modifications lead to higher costs and difficulty in fabrication and scale-up. 

In gas separation membrane, the main commercial application and the types of polymer 
used as selective layers are listed in Table 2. 

 

Table 2  Main commercial membrane gas separation applications [10,12,13].  
Application Gas separation Selective polymeric layer 

Nitrogen production N2/O2 PSU, polyphenylene oxide (PPO) 
polyimides (PI), substituted 
polycarbonates 

Hydrogen recovery H2/N2, H2/CO, H2/CH4 PI, PSU, aramids 

Vapor recovery C2H4/N2, C3H6/N2, C2H4/Ar, 
gasoline/air, CH4/N2 

Silicone rubber 

Natural gas treatment H2S/CH4, CO2/CH4, He/CH4 PI, CA 

Air dehydration H2O/air, H2O/N2 PSU 

 

Similar to membranes used in water treatment, membranes for gas separation are also made 
from two main categories, synthetic polymeric materials and inorganic materials such as 
ceramic, carbon and metal (especially palladium). The separation of gases will occur based 
on different transport mechanisms, which depends on the physical properties of the gases 
and intrinsic membrane material properties [8].  

Even though many different polymeric membranes are available which are less brittle, ease 
on mechanical handling, and cheap in production as compared to ceramic membranes, the 
polymeric membranes may not be useful in harsh oxidizing agents and high temperatures 
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conditions [14]. For these conditions, the inorganic membrane may be more suitable. For 
example, the use of palladium for selective transport of hydrogen or perovskites for 
selective transport of oxygen [2]. Due to this reason, selective polymeric layers that are 
used for gas separation are commonly added with inorganic materials such as carbon, 
zeolite or metal-organic frameworks to harness processability and increase solubility 
selectivity [10]. 

2.3 Fabrication and functionalization of water and gas membranes 

Membranes can be constructed to obtain the desired selectivity and permeability suit the 
requirements for the component to be separated. Generally, the performance is dependent 
on membrane’s fundamental properties such as selectivity, flux rate, chemical, thermal or 
mechanical stability under operating conditions, adaptability to operating conditions and 
resistance toward fouling. In addition, the membranes should have suitable surface 
morphology in terms of surface roughness, pore size and structure as well as 
physicochemical properties [7]. 

For water treatment applications, isotropic membranes can be produced using various 
methods such as polymer-based track-etched (i.e: irradiated with heavy ions to create tracks 
through the film), phase inversion (homogeneous polymeric is transformed to solid-state 
by immersion precipitation as commonly done on PVDF since PVDF is soluble in common 
solvents) or stretched polymer film (polymers are heated beyond their melting point, 
followed by extruded into a thin film and then stretched which are commonly applied for 
PP and PTFE) [9].  

The nanofiller can be incorporated into polymers by various methods including melt 
intercalation, phase inversion (producing well-mixed nanomaterial in a polymer matrix), 
interfacial polymerization (producing a thin layer with nanocomposites membrane 
substrates or a thin layer of nanocomposite on the membranes’ surface), surface grafting 
or surface coating [9]. Surface modification of either polymer or nanofiller (e.g: clay) to 
improve the performance of the membranes can be carried using various fabrication 
methods. However, fabrication of these functional polymer-nanofiller composite 
membranes requires advanced technologies and organized design/architecture as well as a 
good membrane formation [7] for a successful intended application.  

For gas separation, membranes are commonly produced by phase inversion since this 
method can produce thin membranes (approximately 100 nm or less) and defect-free 
membranes with sufficiently high surface areas for practical applications. Furthermore, 
asymmetric membranes with dense, thin film on a porous substrate can be produced using 
this method [12].   
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The membranes produced from various fabrication methods as mentioned earlier are 
commonly flat sheet or cylindrical configurations either hollow fibre membranes (diameter 
below 300µm), capillary membranes (diameter of 300-1000 µm) or tubular membranes 
(diameter of few cm) [12]. These membranes are typically assembled into various 
geometries/modules to maximize the surface area that can be assimilated in a certain 
volume. 

The flat sheet geometry is frequently mounted intro spiral wound modules or less 
frequently into envelope-type modules while hollow-fibre configuration would be 
assembled into hollow fiber modules. For gas separation, the hollow fibre module is more 
commonly chosen than spiral wound modules due to higher specific surface area leading 
to higher productivity, easier fabrication method and lower production cost [12,15]. Spiral 
wound module is preferred for water purification and RO applications since it induces less 
pressure drop and reduces the feed pre-treatment needed to prevent fouling compared with 
hollow fiber modules [12].  The spiral wound module is also used in the separation of CO2 
industrial waste or flue gases with high permeances [2]. 

2.4 Mechanisms for water/gas separation  

For MF, NF, UF and RO, transport through membranes is driven by pressure difference 
while in gas separation, the driving force is based on chemical potential (or concentration) 
difference [7]. Based on the phase separation’s mechanism, membranes can be categorized 
into three: (i) the sieve mechanism (different size of solute particles), (ii) the solution-
diffusion mechanism (different in solubility and diffusivity of the membrane materials) 
and, (iii) the electrochemical mechanism (different in charges of the solute components) 
[7].  

In the separation of gas by a porous membrane, the kinetics effect is important and depends 
on average free path length value, which is the distance of a gas molecule can move 
between collisions with other gas molecules. If large pores are used (larger than average 
free path length), separation may not occur but only viscous hydrodynamic flow since the 
collision between molecules happens more often compared with particles and pore walls. 
Meanwhile, if the pores are below the average path length, the molecules collide more 
frequent with the pore wall compared to each other, allowing the movement of light gas 
molecules faster than heavier gas molecules. Permeability, which is determined by the 
mass of the gas molecules, defines selectivity [2].  
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2.5 Challenges and future direction of functional polymer membrane for water 
and gas separation applications 

Gas and water separation can be utilized to increase the quality of life and environment. 
For example, carbon dioxide removal from coal-fired power plant flue gas is helpful to 
lessen its effect on climate change [2]. In addition, the development of bio-inspired and 
environmentally responsive membranes with other special features such as 
antifouling/self-cleaning, antibacterial/antifungal and ability to withstand extreme 
conditions are of interest.  

However, continuous effort needs to be conducted in altering the structure and/or 
compositions of the membrane to enhance selectivity and permeability, membrane lifetime, 
chemical/thermal/mechanical stability and antifouling capability. Tremendous research has 
been conducted in developing membranes for especially functionalized polymer 
composites for water treatment. However, most of the research has been conducted at a 
laboratory scale, thus requires to be extended to large-scale production and industrial 
applications.  

Optimization of separation can be done by combining membrane technology with other 
technologies, for instance adsorption and thermal separation. The use of membrane 
modelling and computer simulation, in addition to experimental approaches, will become 
crucial in membranes development, modules and overall processes [2].  

In gas membrane applications especially, there is an inter-relationship between selectivity 
and permeability as well as between mechanical properties and gas transport [10]. 
Plasticization and physical aging are commonly encountered issues in mix-gas separation 
performance over time [12]. Through innovative materials selection, processing methods, 
fabrication and systematic studies, the performance of the membranes can be improved to 
enhance the overall quality of life and the environment. 

3. Functional polymer membrane for medical applications 

Chronic kidney disease has been known as a worldwide public health problem. Patients 
with chronic kidney disease survived by haemodialysis treatment apart from peritoneal 
dialysis and renal transplantation. The use of membrane as separation in blood purification 
in haemodialysis treatment has kicked start the recognition usage of functional polymer 
membrane in the medical field. Functional polymer membrane has found its usage in 
various medical applications such as for supporting scaffold in tissue engineering as guided 
bone regeneration (GBR), ophthalmology applications, plasma collection oxygenation 
blood during cardiac surgery and as therapeutic drug delivery system since then. The 
following section discussed on the medical application of various type of functional 
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polymer membrane, the fabrication techniques, the mechanism of dense and porous 
membrane and challenges and future direction of functional polymer membrane for 
medical applications. 

3.1 Types of functional polymer membrane for medical applications 

Kidneys are the organs in renal system that regulate the blood chemistry via removing 
harmful substances, preserving essential substances in the blood and also regulate blood’s 
ionic concentration.  However, patients diagnosed with chronic kidney disease (CKD) or 
end-stage renal disease (ESRD) will encounter accumulation of metabolic waste products 
in the body. This failure eventually resulted in deficient performance of other organs and 
complications related to renal failure [16]. With the increase in number of patients with 
CKD or ESRD, the need for haemodialysis membrane is expected to constantly increase. 
During haemodialysis, the membrane in the dialyzer acts as a medium for separation 
between the blood and fluid compartment. Basic requirement for the membrane is to be 
able to remove solutes as well as fluid accumulation in the body, while maintaining 
electrolyte balance of the patient, good biocompatibility with minimal effect on blood 
components and ample chemical and mechanical stability to allow sterilization by different 
approaches [17].  

To achieve the basic requirements materials for membrane, the material should possess 
particular characteristics such as naturally hydrophilic, biocompatible, semipermeable, 
asymmetric, improved pore size as well as surface chemistry [18]. Although, the current 
treatment for CKD and ESRD is through haemodialysis treatment, but haemodialysis also 
has been incorporated with acute/chronic side effects that threatens the patients. This is 
because during haemodialysis, the interactions between blood and the membrane leads to 
various body system activation such as coagulation of blood components, leukocytes, 
cytokine production and existent of free oxygen radicals [16]. Therefore, materials 
biocompatibility is crucial when selecting materials for membrane.  

Cellulose was the first generation for dialysis membrane. However, its major drawbacks 
were its poor biocompatibility which triggered by the free hydroxyl (OH) groups in the 
molecular units of the cellulosic polymer [19]. Thus, to overcome this issue, a number of 
modifications have been introduced to increase biocompatibility such as esterification on 
the OH groups with benzyl or diethylaminoethyl groups, or via replacing the OH groups 
with acetyl groups such as diacetate, triacetate, or cellulose acetate [17,19]. In a study by 
Sirolli et al. (2000), cellulosic membrane chain was grafted with polyethylene glycol (PEG) 
and the performance was compared to cellulose diacetate and polymethylmethacrylate. The 
findings from this study showed that PEGylated cellulose is a useful mean to increase the 
biocompatibility of the cellulosic polymer [19]. However, it was also concluded that 

 EBSCOhost - printed on 2/14/2023 2:02 PM via . All use subject to https://www.ebsco.com/terms-of-use



Advanced Functional Membranes  Materials Research Forum LLC 
Materials Research Foundations 120 (2022) 72-110  https://doi.org/10.21741/9781644901816-3 

 

83 

biocompatibility of the derivatized cellulosic membranes has wide range variability which 
may be due to the structural modification compared to the degree of OH replacement.  

Moving forward to a more recent study, there are a few methods that has been proposed to 
improve the biocompatibility of polymeric membrane by using polymer blending, 
biopolymers, surface chemical modification or biomimetic membranes. Kaleekkal et al. 
(2015) prepared polysulfone (PSf)/ sulfonated polyethersulfone (SPES) blend to evaluate 
the performance and its biocompatibility. In this study polyethersulfone (PES) was 
sulfonated resulting in a hydrophilic SPES which are then blended with PSf.  PSf/ SPES 
blend showed higher ultrafiltration rate (UFR), extended blood clotting time, eliminated 
platelet adhesion, decreased protein adsorption and reduced complement activity. These 
findings indicate an increased in biocompatibility when compared to pristine PES 
membrane [20]. Although PES membrane offers outstanding oxidative, thermal, chemical 
and mechanical stability, its hydrophobicity remains a challenge in haemodialysis 
treatments. Hydrophobic surface results in a severe fouling of the membrane materials. As 
discussed earlier, sulfonated PES gives a hydrophilicity to PES, another method to improve 
hydrophilicity is to develop mixed matrix membranes (MMM). PES filled with nanofiller 
of poly(citric acid)-grafted-multi wall carbon nano tube (MWCNT) was fabricated as 
mixed matrix membrane for haemodialysis. This study showed the improvement of surface 
hydrophilicity and porosity of PES/MWCNTs MMMs. PES/ MWCNTs MMMs also 
showed better protein resistance and antifouling properties when compared to PES 
membrane [21]. For surface chemical modification, polyvinylpyrrolidone (PVP) and 
polyetherimide (PEI) with heparin immobilization was synthesized to improve blood 
compatibility. Immobilization of heparin resulted in more hydrophilic membranes 
properties with significant platelet and protein resistant. These findings suggest an anti-
thrombogenic characteristic was observed on the PEI/PVP immobilize heparin membrane 
[22]. 

Diseases such as periodontal disease, congenital defects, tumours extraction, pathological 
bone tissues defects or alveolar bone resorption which may lead to total or partially lost 
bone [23-24] requires guided bone regeneration (GBR) treatment to prevent soft tissue 
invasion and provide capacity for guiding new bone formation/growth into the bone defect. 
For this application, the membrane is required to provide physiological barrier towards 
fibroblast infiltration, restrain the proliferation of progenitor cell and act as scaffold for 
bone regeneration [25]. GBR membranes are divided into two groups: resorbable 
membranes and non-resorbable membranes. High density polytetrafluoroethylene (d-
PTFE), expanded polytetrafluoroethylene (e-PTFE, Gore-Tex®), and titanium reinforced 
expanded polytetrafluoroethylene (Ti-e-PTFE) are among the widely used non-resorbable 
membranes [25-27]. It was reported that e-PTFE was among the first non-resorbable 
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membranes for dental use due to its stability, chemical and biologically inert, resistant to 
enzymatic and microbiological attack. Also, e-PTFE features with macro porosity 
encourages bone regeneration and improved wound stability [27].  However, it has been 
reported that the main drawbacks of PTFE were the need for secondary surgical [27-29].  

Unlike non-resorbable membranes, resorbable membranes made of either natural or 
synthetic based polymers. Synthetic polymers used include poly(lactid acid) (PLA), 
poly(glycolic acid) (PGA), poly(Ɛ-caprolactone) (PCL), poly(hydroxyl butyric acid) and 
poly(hydroxyl valeric acid) [30], while natural polymers are collagen (from human or 
animal tissues) [25], calcium alginate, chitosan [31-32] and nanocellulose [33-34]. 
Synthetic resorbable membranes has the advantages of processability, drug-encapsulating 
ability, tuned biodegradation, and low rigidity [30] while natural polymers are known for 
their non-antigenicity, biocompatibility, and tuneable resorption via cross-linking 
treatment [35]. However, resorbable membranes has the disadvantages of low mechanical 
strength and wide variable degree of resorption which significantly interrupt the amount of 
bone formation [29]. To overcome these shortcomings of resorbable membranes, bioactive 
composite, the combination of bioactive ceramic phase and biodegradable polymeric phase 
are proposed to give mechanical stability for maintenance and induce bone formation 
bioactivity [24]. Among the most sought bioactive ceramics that has been investigated was 
hydroxyapatite (HA) [36], bioactive glass [37-38], tricalcium phosphate [24], precious 
metals [33], clay silicates, zirconia and carbon nanotubes [39].  For instance, study by Fu 
et al. (2017) was concluded that the synthesized bilayer PLGA/nano-HA with different 
surfaces and structures showed excellent fibroblastic barrier and favourable osteogenesis 
effect. The porous layer was claimed to increase osteoblast homing, proliferation and 
differentiation [29]. In an in vivo study, a comparison between polycaprolactone/tricalcium 
phosphate (PCL/TCP) membrane and collagen membrane, it was reported that PCL/TCP 
membrane showed a statistically increased in percentage bone area fraction (BAF%) 
compared to collagen membrane after 2 months in rabbit model. Whereas, in the first 
month of evaluation, there was no statistical difference observed. The researcher postulated 
that the significant observation in second month time frame was due to the higher stiffness 
and slower degradation of PCL/TCP [24]. Dascalu et al. (2019) synthesis a cellulose 
acetate/ hydroxyapatite (CA/HA) membrane and concluded that CA/HA composite 
membrane showed that the hydrophilicity, water permeation, protein resorption is suitable 
for bone regeneration applications. While in vitro using osteoblast, cell showed good cell 
adhesion and viability [40]. 

In cardiovascular applications, polymer blend and composites has been utilised due to its 
similarity with the human myocardium. These polymer blend and composites showed 
improved hydrophilicity and better cell interaction. In this field, these polymers are used 
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as bioresorbable stent, as coatings in cardiac stent, cardiac patches to repair the 
myocardium, heart valves and etc. In cardiovascular applications, natural polymers, for 
instance alginate, silk, gelatine, collagen and chitosan has been utilised. While synthetic 
polymers that offers versatility in their physical and chemical properties such as polyesters 
(ex: PLA, PLLA, PDLA, PCL), polymethylmethacrylate (PMMA), 
polytetrafluoroethylene (PTFE) and polyethylene (PE) has been used in cardiovascular 
treatment [41]. For example, Castilho et al. (2017) investigated on fabricating ultrafine 
fibre scaffolds of hydroxyl-functionalized (poly(hydroxymethylglycolide-co-Ɛ-
caprolactone) (pHMGCL) to improve the biocompatibility and architecture to promote cell 
retention and help cardiac cell growth.  It was reported that pHMGCL has improved 
hydrophilicity when compared to PCL with tuneable degradation rate [42]. PLLA and 
PLLA/PLGA blend has been explored as coatings in cardiac stents to offer biodegradable 
stents coatings [43]. 

In drug delivery system, functional polymer is of interest as a promising transdermal drug 
delivery (TDD). The advancement in transdermal drug delivery is due to the simpler and 
non-invasive administration. TD also increases drug bioavailability and reduces the 
degradation effects of metabolism encountered in the oral route, reduces toxic nature with 
oral delivery due to low bioavailability and liver damage. Examples natural polymers used 
as TDD are chitosan and cellulose [44]. While examples of synthetic polymers used in 
TDD are PCL, PMMA, polycarbonate (PC), PLGA, vinyl polymer and polyvinylidene 
fluoride (PVDF) [44-45].  In a study by Grilloa et al. (2019), a hybrid drug delivery system 
has been synthesized. In this finding, benzocaine-loaded poly- Ɛ-caprolactone nano 
particles were incorporated in Poloxamer 407-based hydrogel and to investigate the drug 
permeation in transdermal diffusion membrane, Strat-M. Results show that the nano 
particles exhibited increased drug encapsulation efficiency, efficient physicochemical 
stability as well as rheological properties. These nano particles also showed permeation 
across Strat-M membrane. These findings suggest that the incorporation of hydrogels nano 
particles in transdermal synthetic membranes are capable to modulate local anesthetic 
permeation rate [46].  

The polymers discussed are of great interest in biomedical applications due to its numerous 
advantages regardless natural or synthetic polymers. To improve the functionality of these 
polymer membranes, many researchers has loaded the membranes with antibiotics, non-
antibiotic antibacterial agents, growth factors to enhance osteogenic progenitor cell 
differentiation such as bone morphogenetic proteins, salicylic acid base poly(anhydride-
esters) or platelet-rich fibrin [47]. 
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3.2 Fabrication techniques to fabricate functional polymer membrane for 
medical applications 

In this subsection, the three most common and versatile fabrication techniques utilized to 
prepare functional polymer membrane for medical applications will be described. The 
fabrication techniques are electrospinning, solvent casting, and phase inversion. 

3.2.1 Electrospinning 

Electrospinning method has the advantage of feasibility to obtain micro- or nano-scale 
fibres with high surface area, controlled porosity and ease of functionalization for 
numerous applications, superior physicochemical as well as ease of processing. Briefly, 
this process involves the extrusion of a polymer through an opening prior to external 
driving force. To date, different modification has been done on the conventional 
electrospinning techniques to fabricate functional polymer membrane that suits specific 
medical applications. For example, Fu et al. (2017) combines the electrospinning and phase 
inversion techniques to fabricate porous and dense layer of poly(lactic-co-glycolic 
acid)/nano HA membrane with barrier function. This bilayer membrane showed significant 
tissue ingrowth and optimum therapeutic result for bone tissue regeneration [29]. This 
technique has also been utilized to incorporate growth factors in silk chitosan/fibroin/nano 
HA core-shell nanofibrous membranes. In this study, bone morphogenic protein-2 (BMP-
2) was incorporated in the core of the membranes. The results obtained from histological 
and immunohistochemical staining confirmed the formation of bone and osteogenesis [48]. 
It has also been reported that polymeric material and living cell were directly electrospun 
to form membranes. This modified technique is called ‘cell electrospinning’ [49-52]. 

3.2.2 Solvent Casting 

Solvent casting is a conventional fabrication method that has been used to fabricate 
membranes, composite films, or blend. In short, this technique involves polymers and/or 
fillers dissolved in a solvent where both materials are soluble. In fact, water is the 
commonly used solvent for hydrophilic polymers [53-55] while for hydrophobic polymers, 
organic solvents are used.  Mota et al. (2012) fabricated novel guided tissue and bone 
generation of chitosan/ bioactive glass nanoparticle (CHT/BG-NPS) membrane using 
solvent casting. In this study acetic acid was used as the solvent for the preparation of 
CHT/BG-NPS membrane [56]. In solvent casting, the significant parameter that affect the 
membrane properties are the type of solvent used. In a comparison study of the different 
solvent used effect on tensile strength of poly(vinyl acetate) membrane by Hansen et al. 
(2013), it was concluded that when ethanol was used as the solvent showed lower 
elongation and higher strength rather than membrane cast from chloroform or toluene as 
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solvent that showed lower strength and higher elongation [57]. Solvent casting has the 
advantage of simplicity whereby it does not imply further thermal or mechanical stress to 
dry the membrane and it is a less time-consuming technique. A modified approach of 
solvent casting with freeze casting was proposed by Gorgieva et al. (2018) fabricate a 
bilayer membrane with micro structural diversity of chitosan/gelatine bilayer membranes 
with mineralized interface. The study concluded that the obtained membrane showed non- 
and highly micro-porous and pore interconnecting region [58]. Due to the ease of 
processing, many functionalized polymer membranes utilize this method for medical 
applications. 

3.2.3 Phase Inversion 

Phase inversion techniques was first introduced by Loeb and Sourirajan to fabricate 
asymmetric polymer membrane. Since then, this technique has caused vigorous growth in 
membrane technology. In phase inversion technique, a homogenous polymer solution 
becomes thermo-dynamically unstable and separates between polymer-rich and polymer-
lean phases [59]. Recently, cellulose acetate (CA) hybrid membrane was synthesized with 
enhanced permeability and excellent anti-fouling property was fabricated by combination 
of phase inversion and chemical reaction.  In this study, CA hybrid membrane was 
fabricated using Loeb-Sourirajan techniques followed by introducing various solvents and 
organic acids in chemical reaction method. The objective of the study was to improve the 
morphological structure and anti-fouling property of the membrane [60]. Phase inversion 
techniques were also reported to enable the production of membrane with surfaces of 
different structures,  a dense and porous surface. A study by Liu et al. (2021) succeeded to 
fabricate membrane with dense and porous surface of PLA membranes via phase inversion 
stimulated by water droplets at various temperatures. Cytocompatibility on 3T3 cells 
showed that the pore size obtained at water droplet temperature of 25 ºC are sufficient for 
cell proliferation and promotes 3D culture of 3T3 cells on the membrane [61]. 

3.3 Challenges and future direction of functional polymer membrane in medical 
applications 

The major challenges for functional polymer membrane in medical applications is to 
achieve biocompatibility properties without sacrificing mechanical and structural 
requirements. For haemodialysis membrane for example, the major concern is the 
proinflammatory molecules activation once the blood is exposed to the membrane and that 
current available dialysis membrane are not applicable to eliminate some larger toxic 
molecules. Thus, to overcome the wide spread of disadvantages of polymer membranes in 
various medical applications and to cater specific needs of each application, improvements 
in term of materials selections and improved/modified techniques has been explored. In 
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terms of materials selections, new polymer blends and composites has been evaluated to 
optimize the significant properties of each material. Incorporation of various inorganic 
materials such as HA and carbonate apatite as fillers are also actively research to improve 
properties of the polymeric membranes.  In terms of fabrication techniques, new hybrid 
techniques have been utilised to improve yield, architecture, porosity, hydrophilicity/ 
hydrophobicity, flexibility and etc. The combination of techniques used enables the 
feasibility to control numerous properties and improved functionality of the polymer 
membrane. 

4. Functional polymer membranes for emerging technologies 

Functional polymer membrane for emerging technologies can be divided into four major 
applications, fuel cell membrane, membrane for lithium battery, electrically conductive 
membrane, and optoelectronic thin film. The following sub sections discussed the 
functional polymeric membranes for the emerging technologies. 

4.1 Fuel cell membrane 

Fuel cell is defined as an electrochemical cell that uses a pair of redox processes to 
transform the chemical energy of a fuel (typically hydrogen) and an oxidizing agent 
(commonly oxygen) into electricity. It is unique as it can use a wide range of fuels and 
feedstocks, as well as can power large systems (i.e: power plant) and small systems (i.e: 
computer). Fuel cell can be utilized in a variety of applications such as transportation, 
industrial/commercial/residential structures, and long-term grid energy storage in 
reversible systems [62]. 

In fact, fuel cell has several advantages compared to conventional combustion-based 
technologies. Fuel cell can run with excellent efficiencies (> 60%) and lower emissions 
than combustion engines, as well as can convert chemical energy in the fuel directly to 
electrical energy [63]. Furthermore, the operation of hydrogen fuel cell emits only water, 
addressing critical climate challenges as no carbon dioxide (CO2) emissions which resulted 
significant decrease in air pollutants that produce smog which directly cause health 
problems. Other than that, fuel cell is also silent during its operation as it only has few 
moving parts compared to conventional combustion [64]. 

4.1.1 Fuel cell part 

Polymer electrolyte membrane (PEM) fuel cell basically consists of membrane electrode 
assembly (MEA), which consists of the membrane itself, layers of catalyst, and gas 
diffusion layers (GDL). Whereas, the parts used to assemble an MEA into a fuel cell are 
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gaskets (seal the MEA to avoid gas leakage), and bipolar plates (assemble PEM into a stack 
and passages for the fuel and air) [65]. 

Firstly, the membrane is a specifically treated material which conducts only positively 
charged ions while blocking electrons. It is the critical component to fuel cell because it 
must allow the required ions only to travel between the cathode and anode. The chemical 
process would be disrupted if other chemicals passed through the electrolyte. Basically, the 
membrane used in transportation applications is exceedingly thin (under 20 microns) [66]. 

Secondly, catalyst layer is applied on both membrane’s sides (one side on anode layer and 
the other on cathode). Nanometer-sized platinum particles are spread on a large surface 
area carbon substrate for the catalytic layers. This supported platinum catalyst is 
sandwiched between the membrane and the GDL, together with an ionomer (ion-
conducting polymer). The platinum catalyst on anode allows hydrogen to be separated into 
electrons and protons. Whereas, the platinum catalyst on cathode reduces oxygen via 
interaction with protons produced by anode, resulting in the formation of water. On the 
other hand, the ionomer that is incorporated into catalyst layers permits protons to pass 
through [67]. 

Thirdly, the GDL is located outside the catalytic layers and aid in the transport of reactants 
as well as the elimination of water. In fact, each GDL is usually made up of a carbon sheet 
with polytetrafluoroethylene (PTFE) partly coated carbon fibers. Gases diffuse quickly via 
the GDL's pores. The hydrophobic PTFE keeps these pores open, preventing excessive 
water buildup. While, the microporous layer is a thin coating of large surface area carbon 
mixed with PTFE that is applied to inner surface of the GDL in many circumstances. This 
microporous layer can assist water retention (to preserve membrane conductivity) other 
than water release (to keep the pores open for oxygen and hydrogen diffuse into electrodes) 
[68]. 

In order to create useable output voltage, MEAs are commonly incorporated by connecting 
them on top of each other (series stacked). In order to keep nearby cells apart, each cell is 
placed between the two bipolar plates. These plates can be constructed of metal, carbon, or 
composite materials, give both electrical conduction and physical strength to the stack. A 
flow field or set of channels is machined into the plate to permit gases to flow, commonly 
found on the plate's surface. Other than that, a liquid coolant can be circulated through 
additional tubes inside each plate. In addition, each MEA is sandwiched between two 
bipolar plates, however to achieve a gas-tight seal, the gaskets have to be applied at the 
edges of the MEA. Typically, these gaskets are constructed of a rubbery polymer [69]. 
Figure 1 shows the schematic of general fuel cells mechanism. 
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Figure 1  The general mechanism of fuel cells [70]. Permission is granted by ACS 
Publications. 

4.1.2 Fuel cell membrane 

The membrane is a thin barrier which serves as a dam because of its selective permeability 
where the chemical composition determines its property. In fact, membrane in fuel cell 
technology can be categorized into several types based on its separation processes include 
microfiltration (MF), ultrafiltration (UF), nanofiltration (NF), and reverse osmosis (RO). 
MF is a large pores membrane which used to separate solid particles (around 0.2 to 10 µm) 
and suspensions with high outflow (approximately 0.1 to 5 bar). Typically, MF is used in 
biological and food industries to separate bacteria and suspended particles. While, UF is 
usually used in water-oil emulsion isolation, dye bath purification via electrophoresis and, 
water purification and disinfection. Normally, low molecular weight of solute can easily 
pass through UF as it is used to condense emulsion or macromolecules. Whereas, NF can 
be used to separate particles ranging 2 to 10 µm which usually applied in water treatment, 
and food and milk industries (isolation of minerals). On the other hand, RO has a retention 
rate higher than 95% because the diameter of the pores is very dense and less than 
nanometer in size. Due to that, the flow rate is low while the pressure used is high around 
60 to 80 bar. RO is basically used in salt/sea water desalination, purification of used water, 
and ulta-puring water for pharmaceutical and electronic intended [71]. Figure 2 shows the 
classification of the membrane based on its different separation processes. 
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Figure. 2  Classification of membrane by different separation processes [72]. Permission 
is granted from Elsevier. 

 

On the other hand, several polymers are used in manufacturing membrane for fuel cell 
technology include cellulose acetate, polysulfone, polyethersulfone, and polyacrylonitrile. 
Cellulose is a natural, linear and inflexible polymer which gives good mechanical 
resistance to the membrane. Cellulose acetate is produced via the acetylation process using 
acetic anhydride, in which increasing the degree of acetylation, basically, increasing its 
amount of retention while decreasing the permeability. Other than that, the production of 
cellulose acetate via acetylation is also promising in increasing the mechanical resistance 
and resistance to hydrolysis of the membrane. Normally, this membrane is asymmetrical 
and has a retention rate around 99.5%, and range of pressure between 103 to 140 bar. The 
advantages of cellulose acetate membrane include ease of preparation, relatively high 
permeability and excellent mechanical property, while the disadvantages are sensitive to 
pH changes and reduce the salt retention when increasing the temperature [73].  

Other polymers used in fuel cell membrane are polysulfone and polyethersulfone. These 
polymers are basically used for MF or UF type of membrane because of their homogenous 
property, which gives chemical, thermal and mechanical resistance. The benefits of this 
membrane include resistance to heat (up to 125°C), chlorine, and acid or alkali washings, 
as well as ease of production in many different geometries [74]. Whereas, polyacrylonitrile 
has a high crystallinity, glass transition of 87°C, and melting point at 319°C, which 
basically suitable for many applications such as shipping, construction, gas filtration 
system, and UF membrane. In fact, the nitrile groups in acrylonitrile units are extremely 
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polar, as a result, they are strongly attracted and causing the polymer chains to approach 
one another which in turn, increases the resulting polymer strength. The advantages of 
polyacrylonitrile membrane are high thermal, chlorine and solvent resistance, high 
hydrophobicity, as well as ease of manufacture and modification [75]. 

4.1.3 Classifications 

Currently, there are few types of functional polymer membrane fuel cells in market such 
as polymer electrolyte, alkaline, molten carbonate, direct methanol, phosphoric acid, and 
solid oxide. 

Polymer electrolyte membrane (PEM) fuel cells are having excellent power density, lighter 
and smaller compared to other fuel cells. In PEM, solid polymer is used as an electrolyte, 
while carbon electrodes with a platinum catalyst are assembled in PEM fuel cells. PEM 
fuel cells are most commonly employed and well suited in transportation and some 
stationary applications [76]. However, the usage of a platinum catalyst to separate the 
electrons and protons of hydrogen increases the expense of the system. Furthermore, if the 
hydrogen is obtained from a hydrocarbon fuel, the catalyst is also particularly sensitive to 
carbon monoxide which lead to poisoning, necessitating the use of an extra reactor in order 
to remove the carbon monoxide [77]. 

The other type is direct methanol (DM) fuel cells. Methanol is commonly combined with 
water and delivered directly to the anode in DM fuel cells. In fact, DM fuel cells avoid a 
lot of fuel storage issues compared to other fuel cell systems because methanol has a higher 
energy density compared to hydrogen. The liquid property of methanol made it easy to 
transport and deliver to the consumers which utilizing recent infrastructure. DM fuel cells 
are frequently installed to power portable devices such as computers and cellular phones 
[78]. 

Other than that, alkaline fuel cells are one of the earliest technologies invented to produce 
electrical energy and water in spacecraft industry. The electrolyte in alkaline fuel cells is 
potassium hydroxide in solvent of water, and the anode and cathode are be made of various 
non-precious metals. In fact, these fuel cells are similar as PEM fuel cells, however, instead 
of an acid, they use an alkaline as a membrane. Furthermore, the great efficiency of alkaline 
fuel cells is attributed to the fast rate of electrochemical reactions in the cell where they 
can achieve more than 60% in space applications [79]. However, higher temperature 
operation, carbon dioxide (CO2) poisoning, membrane durability and conductivity, power 
density, as well as anode electrocatalysis are challenges for alkaline fuel cells [80]. 

Another fuel cell type is phosphoric acid (PA) fuel cells, where the electrolyte is liquid 
phosphoric acid, which is located in Teflon-bonded carbide matrix. Whereas, the electrodes 
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are carbon electrodes with a platinum catalyst. Although PA fuel cells are primarily utilized 
for stationary power generation, they have also been applied to power big vehicles [81]. 
Given the same weight and volume, PA fuel cells are less potent as compared to other type 
of fuel cells, therefore, they are often bulky and heavy. Furthermore, PA fuel cells are also 
expensive which require costly platinum catalyst loadings compared to other types of fuel 
cells [82]. 

On the other hand, for electrical utility, industrial, and military uses, molten carbonate 
(MC) fuel cells are recently produced for coal power plant and natural gas. MC fuel cells 
operate at high temperature which use a molten carbonate salt combination which sustained 
in a porous and inert ceramic lithium aluminium oxide matrix (electrolyte). The use of non-
precious metals as catalysts can be incorporated at cathode and anode since MC fuel cells 
work at high temperature about 650°C, which reduce the expenses [83]. However, the main 
drawback of MC fuel cells technology is its lack of endurance. The high temperature 
employed in these cells, along with corrosive electrolyte, hasten the component corrosion 
which leads to breakdown and resulting in reducing cell life. Therefore, scientists are 
actively searching for corrosion-resistant components as well as designs that can prolong 
cell life without sacrificing its performance [84]. 

Other than that, there are solid oxide (SO) fuel cells type, where the electrolyte is hard and 
non-porous ceramic composition. Basically, SO fuel cells operate at extreme temperature 
up to 1000°C. The usage of a high-temperature operation eliminates the requirement of a 
precious-metal catalyst, which lowering costs. It also allows SO fuel cells to reform fuels 
internally, permitting them to use a wider range of fuels while reducing the expense of 
adding a reformer into the system [85]. However, there are drawbacks to operate at high 
temperature where it causes a slow starter and necessitates thermal shielding to keep the 
heat in and protect the people, which is fine for utility applications but not for 
transportation. Furthermore, material durability is also a concern due to high working 
temperature. Therefore, difficulty of this technology is the fabrication of low-cost materials 
with excellent durability at cell operating temperature. Currently, scientists are actively 
looking into the possibility of building lower-temperature SO fuel cells that operate under 
700°C, less expensive, and fewer durability issues [86]. 

Lastly, reversible fuel cells, like conventional fuel cells, generate electricity from oxygen 
and hydrogen while also releasing water and heat byproducts. Reversible fuel cell systems 
can divide water into oxygen and hydrogen fuel using electricity from solar, wind, or other 
sources which known as electrolysis. Apart from producing electricity when required, 
reversible fuel cells can also store extra energy in the form of hydrogen during periods of 
high-power generation from other technologies, for instance, vigorous winds result in 
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excess available wind power. This energy storage potential is crucial for renewable energy 
systems that are intermittent [87]. 

4.2 Membranes for lithium-ion battery 

Lithium-ion (Li-ion) battery is a rechargeable battery type. Li-ion batteries are commonly 
utilized in portable electric and electronic vehicles, medical devices, and their use in 
military and aerospace applications is on the rise. Basically, Li-ions travel from negative 
to positive electrode via an electrolyte during discharge, and vice versa while charging. 
The positive electrode of Li-ion battery is constructed from an intercalated lithium 
compound which allows for a higher energy density and specific capacity, while the 
negative electrode is commonly made of graphite. Other advantages of Li-ion battery 
include prolong life cycle, high efficiency and comparatively low self-discharge rate [88]. 
Figure 3 shows the schematic of a Li-ion battery which consists of graphitic carbon 
negative electrode and Li-intercalated compound positive electrode. 

 

Figure. 3  Schematic of Li-ion battery mechanism [89]. Permission is granted from ACS 
Publications. 

 

However, there are problems encountered with Li-ion battery include operational 
temperature, materials availability and cost. Li-ion battery also arises a safety issue because 
it contains flammable electrolytes that, if damage or wrongly charged, can cause explosion 
and fire. Therefore, the separator membrane is an important part of Li-ion battery because 
it acts as physical barrier between negative and positive electrodes, preventing electrical 
short connections as well as serves as an electrolyte reservoir for ions transport. The 
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membrane, basically, is placed between the two electrodes and must have a strong ionic 
conductivity and excellent thermal and mechanical stability. Other than that, this 
membrane has to be porous in order to permit the electrolyte to flow through [90]. 

4.2.1 Lithium-ion battery membrane 

There are several types of membrane separators used in Li-ion battery include composite, 
microporous, electrospun, nonwoven, polymer blends, and membranes with external 
surface modification. Whereas, types of membrane used in Li-ion battery based on 
different types of electrolytes are polymer gel, microporous filter, and polymer solid ion 
conductor.  

Solid polymer such as polyethylene oxide (PEO) is dry, solid and contains no organic 
liquid. The transportation of Li-ions between the sites is basically aided by segmental 
movement of the PEO matrix for the mechanism of Li-ions transport. Based on this 
concept, the good conductivity of PEO can attribute to Li-ions transport at the amorphous 
region. Thus, there are two approaches to enhance Li-ions conductivity, PEO 
crystallization is reduced, and the interaction between Li-ions and PEO chains is weakened 
[91]. 

On the other hand, semi-crystalline polyolefin polymers such as polyethylene and 
polypropylene are used for microporous membrane. These polymers are having fuse 
function, where they can be flowable if the temperature achieves their melting point, which 
decreases the ionic conductivity and shut the electrochemical reactions of the battery to 
protect from thermal runaway. It is very crucial for cell over-charge and external short-
circuit protection. Moreover, some functional groups can be attached via surface 
modification on both polymers to increase their compatibility of membrane-electrodes 
interfaces [92]. 

Other than that, liquid electrolyte is incorporated in the polymer matrix to generate the 
polymer gel. In fact, polymer gel has more shape flexibility compared to liquid and 
polymer chains usually hold liquid electrolyte in the polymer gel. The copolymer of 
polyvinylidene fluoride-hexafluoropropylene (PVDF-HFP) introduces amorphous regions 
in the polymer gel that improve ionic conductivity, while the crystalline domains increase 
the mechanical strength. Other than that, poly(methyl methacrylate) (PMMA) polymer gel 
has good compatibility and normally used as a layer to reduce the evaporation and leakage 
of the liquid electrolyte. This strong affinity, as a result, increases electrolyte retention and 
ions transport which improves cell performance. On the other hand, poly(acrylonitrile) 
(PAN) polymer gel provides high conductivity and forms stable dimension, as well as 
increases cycling performance because of the low diffusion resistance [93]. 
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4.2.2 Classification 

In fact, various types of Li-ion battery in terms of shape, size and composition are utilized 
based on their specific applications. 

Firstly, lithium cobalt oxide (LCO) battery which made of cobalt and lithium carbonate. 
LCO battery also known as Li-ion cobalt or lithium cobaltate usually utilized in laptops, 
electronic cameras and cell phones because of its high specific energy. LCO consists of 
cobalt oxide cathode and graphite carbon anode, where the lithium ions migrate from anode 
to cathode during discharge, while the flow is reversed during charging. However, LCO 
has a number of disadvantages, including a short battery life and low specific power. 
Furthermore, according to Battery University, LCO is not as safe as other types of Li-ion 
battery. Despite this, LCO is still a popular choice for portable electronic devices because 
of its high specific energy property [94].  

Secondly, lithium manganese oxide (LMO) battery which is also known as lithium 
manganate or Li-ion manganese, as well as Li-manganese or manganese spinel. 
Historically, LMO technology battery was found in early 1980s with the first publication 
reported in the Materials Research Bulletin. In 1996, Moli Energy manufactured the first 
commercial Li-ion battery utilizing LMO as the cathode material. LMO battery, in fact, 
has a higher temperature stability and safer compared to other Li-ion battery types. 
Therefore, LMO is frequently found in medical equipment and devices, and can also be 
used in electric vehicles, power tools, and other applications [95]. 

Other than that, phosphate is basically used as a cathode in lithium iron phosphate (LPO) 
battery, which often known as Li-phosphate battery. LPO has low resistance qualities, 
which significantly improve its thermal stability and safety. Furthermore, durability and a 
long lifecycle are other advantages of LPO where fully charged LPO can be kept with no 
effect on the charge's overall lifespan. In addition, considering the lengthy battery life of 
LPO, it is frequently the most cost-effective option. As a result, LPO is commonly 
employed in electric vehicles and other applications requiring a long lifecycle and high 
levels of safety [96]. 

The other type of Li-ion battery is lithium nickel manganese cobalt oxide (LNMCO) which 
also known as NMC battery. Basically, LNMCO is constructed of a variety of materials 
that are common in Li-ion battery including a mix of nickel, manganese, and cobalt to build 
its cathode. LNMCO battery, like other Li-ion battery types, can have a high specific 
energy density or power other than very low self-heating rate which most commonly used 
in power tools and automobile powertrains. 60% nickel, 20% manganese, and 20% cobalt 
are commonly the combination ratio for the cathode. This means that the cost of the raw 
material is lower than other Li-ion battery solutions, as cobalt may be fairly costly. In the 
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future, the price of LNMCO battery may drop even more because some battery 
manufacturers plan to convert their battery chemistry to a larger percentage of nickel, in 
order to utilize less cobalt [94]. 

Lithium nickel cobalt aluminium oxide (LNCAO) is another type of Li-ion battery, which 
also called as NCA battery. Nowadays, this type of battery is becoming significantly 
increasing in grid storage and electric powertrains. To ensure driver safety, LNCAO battery 
must be accompanied by monitoring systems. Although LNCAO battery is not widely used 
in consumer electronics, it has a great potential in the automobile industry because it offers 
a high-energy choice with a long lifespan, however it is rather expensive and less safe than 
other Li-ion battery types. As a result, given the widespread use of LNCAO battery in 
electric vehicles, demand for this battery may increase as the number of electric vehicles 
grows [94]. 

Lastly, lithium titanate (LT) battery which familiar with Li-titanate is a type of battery that 
has a growing number of uses. According to Battery Space, the key benefit of LT battery 
is its very fast recharge time, which is due to sophisticated nanotechnology. LT battery is 
being employed by manufacturers of electric vehicles, and this type of battery has the 
potential to be used in electric buses for public transit. However, the disadvantage of LT 
battery is it has a lower intrinsic voltage or energy density than other Li-ion battery types, 
which might cause problems when it comes to efficiently powering automobiles. Despite 
this, LT battery still has a higher density compared to non-Li-ion battery, which is a benefit. 
Other than that, LT battery also could be used for military and aerospace applications, as 
well as storing wind and solar energy and constructing smart grids. Furthermore, according 
to Battery Space, LT battery could be employed in power system for system-critical 
backups [97]. 

In short, Li-ion battery exists in a variety number of shapes and sizes and can be used for 
various applications. As a result, some Li-ion battery in the market currently is more suited 
to specific applications than others. The most important point is to select the battery that is 
most appropriate for the task required. Thus, it is crucial to determine the best polymer 
used to construct a membrane to be incorporated in the Li-ion battery. It is also noteworthy 
that the Li-ion battery market is always evolving where companies and scientists all over 
the world are developing novel batteries to supply or replace Li-ion battery. It will be 
interesting to perceive which of this new battery rise to the top as time goes on. 

4.3 Electrically conductive membranes 

Advancements in the area of materials science and membrane preparation processes 
significantly leading to novel possibilities for mitigating the issues of conventional 
membrane filtration by the usage of electrically conductive membrane (ECM). Over 
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traditional technologies, there are numerous advantages of ECM such as high efficiency, 
easy to operate, low chemical consumption, and smaller footprint. Other than that, ECM 
also benefits in terms of the separation effect by the membrane and the electrical effect via 
conducting elements. Recently, various types of conducting elements had been used for 
ECM such as carbon nanotube, conducting polymers, and graphene. However, membrane 
technology still has some drawbacks, such as fouling, selectivity in pressure-driven 
membranes for uncharged contaminants as well as energy consumption [98]. 

Basically, ECM is studied in terms of synthesis/fabrication, mechanism of action, and 
application. Mode of ECM’s operations are usually divided into three major types, thermal-
driven, osmotically-driven, and pressure-driven. Currently, several types of ECM were 
synthesized with promising properties, cost-effective, and stability in conducting 
electricity. For instance, stacked graphene oxide, carbon nanotube, Cu-nanowires 
conductive, polyurethane, polypyrrole, poly(ether sulfone), poly(vinylidene fluoride) 
(PVDF), polyaniline-poly(2-acrylamido-2-methyl-1-propanesulfonic acid) (PANI-
PAMPSA), porous conductive diamond, and membrane in dilute electrolyte solutions [98]. 

Currently, numerous polymers are used for ECM such as polyacetylene (PAc), polyaniline 
(PANI), polypyrrole (PPy), polyetheretherketone (PEEK), polythiophene (PTh), poly(p-
phenylene) (PPP), polyazulene (PAZ), polyfuran (PFu), polyisoprene (PIP) and 
polybutadiene (PBD) in various applications include biosensors (food, medicine, 
environment), gas sensors, electrochemical sensors, corrosion inhibitors and functionalized 
biomaterials [99-101]. 

4.4 Thin film for optoelectronic 

Optoelectronic is a wide application for electronic devices to detect and control light 
includes visible light and invisible radiation. Lighting, sensor, and energy harvesting 
devices made of thin-film optoelectronics are commonly used in medical devices, 
semiconductor lasers, consumer electronics and aerospace. Therefore, the study of 
important classes of materials such as colloidal quantum dots and perovskites is being done 
to improve device’s knowledge and performance as industrial, military and consumer 
demands are constantly expanding [102].  

Enhanced properties such as hardness, transmission, reflectivity and damage threshold of 
optoelectronic devices require thin film coating because of the sensitivity of these core 
devices. This thin film coating also can protect the optoelectronic devices from external 
factors such as heat, dust and abrasion. kFor instance, conjugated and crystalline 
semiconductor thin film of poly(o-phenylene diamine-co-m-phenylene diamine) 
copolymer [PoPmP]TF is used for polymer solar cell. Other than that, the properties of zinc 
oxide (ZnO) which are high chemical stability, high binding energy, wide band gap, and 
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transparency make its thin film and nanostructures promising to be applied for sensor, thin 
film transistor, and dye-sensitized solar cell industries. While, indium monoselenide (InSe) 
is considered as an emerging two-dimensional semiconductor with excellent optical and 
electrical properties that potential for high performance optoelectronics application [103]. 

In optoelectronic, the whole device can be twisted, bent, or stretched to achieve the 
requirements for numerous applications, in which not applicable via conventional devices 
that can twist or bend only. Moreover, rapid development in optoelectronic devices has 
been benefited in the advancements of science and engineering of photon detection and 
manipulation, image sensing, high efficiency and power density light emission, displays, 
communications and renewable energy harvesting. Particularly, promising material class 
for optoelectronics is colloidal nanomaterials because of their functionality, cost 
effectiveness, low dimensionality, and solution processability which reduces the time and 
cost required to fabricate thin film devices. As a result, it provides broad compatibility with 
existing materials interfaces and device structures [104]. 

4.4.1 Classifications 

Currently, optoelectronics can be classified in several types include photodiode (PD), solar 
cell (SC), light emitting diode (LED), optical fiber (OF), and laser diode (LD). PD is a light 
sensor which basically made up of an active P-N junction that is biased in the opposite 
direction. It works in three different modes, forward bias (LED), reverse bias (photo 
detector) and photovoltaic (SC) by producing current or voltage when light falls on the 
junction. PD usually used in safety, medical and industrial equipment as well as cameras. 
While, SC is a device that transforms sunlight directly into electricity. When photons from 
the sun collide with SC, it produces a current and voltage, which generates electricity. 
Typically, SC is applied for rural electrifications, communications and nautical navigations 
[105]. 

On the other hand, LED is a semiconductor diode which usually used in household 
appliances, computer components, medical equipment and instrument panels. 
Electroluminescence (EL) is the effect of the photon produced via the recombination of 
electrons and holes in LED. The advantages of LED include uses less energy, emits less 
heat and long-lasting compared to incandescent lamp [106]. Whereas, the reasons of OF is 
preferable compared to electrical cable are mainly due to very low degradation, higher 
bandwidth, not vulnerable to EMI/EMC interference and can deliver different wavelengths 
of signals without interfering one another. OF is commonly used in sensors, biomedicals, 
lasers and telecommunications to transmit information via modulated light [107]. While, 
LD resembles LED in appearance and operation, which basically converts electrical energy 
into light, that typically found in telecommunications, surgical and military applications. 
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The advantages of LD include more efficient and reliable compared to conventional LED, 
and reduces signal losses due to higher coherence light and single optical wavelength [108]. 

4.5 Challenges and future direction of functional polymer membranes for 
emerging technologies 

Several challenges encountered for functional polymer membranes in emerging 
technologies. In fuel cell, the membrane must enable only the suitable ions to move 
between anode and cathode, thus, it is a vital component in fuel cell technology, because, 
if additional chemicals went through the electrolyte of the fuel cell, the chemical process 
would be disrupted. While membrane in Li-ion battery acts as a barrier between positive 
and negative electrodes, preventing electrical short connections as well as serves as an 
electrolyte reservoir for ions transport. Therefore, the membrane must have strong ionic 
conductivity with excellent thermal and mechanical stability. Whereas, in the electrically 
conductive membrane, challenges such as fouling, selectivity in pressure-driven 
membranes for uncharged contaminants, as well as energy consumption are quite 
significant. On the other hand, thin film coating can be used to protect the devices from 
external factors such as heat, dust and abrasion for optoelectronic membrane application. 
Tremendous studies have been performed in developing and innovating functional polymer 
membranes for emerging technologies to be extended to large-scale production and 
industrial applications to improve the environment and quality of life. Apart from that, it 
is also noteworthy that the market is always evolving over the world as researchers are 
developing novel membrane for the emerging technologies which will be fascinating to 
observe which of the new membrane technology escalate to the top as the time pass by. 
Functional polymeric membranes have shown very significant evolution in many 
applications including these new emerging technologies applications. 

Conclusion 

The effectiveness of the membrane selectivity, permeability and separation process is 
determined by the polymer properties. Regardless, the functional polymer selection is 
crucial in the development of membrane technology for the water/gas separation, medical, 
and emerging technologies (fuel cells, Li-ion batteries, electric conductive, optoelectronic) 
owing to its manufacturability, cost, mechanism, type, and resources. Other factors such as 
challenges and future direction also must be considered in determining the best polymers 
to be used for the development of the membrane. The objective of the specific tasks 
requires a critical consideration in determining the best membrane technology suits the 
applications where it is performed, therefore, the advancement of the membrane used can 
be benefited thoroughly. It is also remarkable that the membrane technology is always 
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evolving especially in the functional polymer membrane development in various 
applications, so that the quality of life is improved. 
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Abstract  

The utilization of sustainable and high-performance technologies is a growing tendency in 
industrial processes. The membrane separation process is a clean technology alternative 
that can be used to separate, concentrate, and/or purify substances. But there is still a great 
interest in turning this process increasingly sustainable by the structural modification of 
the membranes using biopolymers and green solvents, and the functionalization with 
organic and inorganic materials, also improving their performance and anti-fouling 
characteristics. Thus, this review chapter brings the main concepts about membranes and 
their main structural modifications to obtain a process that meets the concepts involved in 
Green Technology. 
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1. Introduction 

The membrane separation process is used in food, pharmaceutical, biotechnology, steel, 
paper, cellulose, and petrochemical industries as a technique to separate, concentrate, 
and/or purify, and also to decontaminate wastewater, especially those containing emerging 
pollutants such as antibiotics and hormones, dyes, heavy metals, persistent organic 
pollutants, in addition to water desalination [1-14]. 

Due to the operational characteristics, mainly the ones that include low energy 
consumption during the separation, concentration and/or purification of substances, high 
solute rejection capacity, no generation of secondary pollutants, and capacity of reusability 
for multiple cycles, the membrane separation process is included in the concepts of 
sustainable productive processes defined as Green Technology.  In Green Technology, the 
utilization of ecologically correct alternatives is essential during the transformation of the 
raw material into a product, with control of the pollution generated and without causing 
damages to the environment, as is the case of the membrane separation process [11, 15-30, 
31]. 

The membranes used industrially are, mostly, fabricated with ceramic materials that 
possess the capacity to operate in extreme conditions of pH and temperature, besides 
having a high lifespan. However, the ceramic membranes possess a high fabrication cost 
due to the raw material used in their preparation [32-34]. Due to the cost, the ceramic 
materials used in the membranes are being substituted by natural or synthetic polymeric 
materials. Depending on the structural characteristics of the polymer macromolecule, the 
membrane fabricated will present equal or higher mechanical, thermal, and chemical 
resistance than ceramic membranes. Besides, structural modification in the polymers and 
mixture of polymeric materials can produce membranes with higher fouling resistance [5, 
7, 13, 14, 27]. 
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The polymeric membranes currently commercialized are fabricated with synthetic 
polymers, mainly from petroleum, and thus, non-biodegradable. The polymeric residues 
from the processes of fabrication and utilization of the membranes contribute to the 
increase of residual water pollution, mainly by microplastics [37, 38]. Besides, during the 
fabrication of the membranes, reprotoxic organic solvents are used, which are harmful to 
the environment. The substitution of synthetic polymers by biopolymers, such as cellulose 
acetate and chitosan, which are natural, biodegradable polymers from renewable sources, 
widely available and at low cost, become a promising alternative. The utilization of green 
solvents, such as water, ethyl lactate, ionic liquids, and supercritical CO2 is another 
possibility to replace commonly used solvents for fabrication membranes [27, 28, 37-39].  

Another problem associated with the filtration process with ceramic or polymeric 
membranes is the fouling development from the accumulation of organic, inorganic, and 
biological macromolecules that can occur in both the surface and in the membrane pores. 
Fouling causes a reduction in the selectivity and the permeate flow, and consequently the 
decrease of the membrane lifespan [9, 40-42, 49]. Several factors affect the fouling 
development during filtration, however, the superficial characteristics of the membrane, 
such as high hydrophilicity and low roughness, can contribute to reducing the deposition 
of foulants agents [5, 40, 44-47]. 

The morphological and structural characteristics of the membrane can be changed during 
its fabrication process by its functionalization with materials and/or nanomaterials that 
present desirable characteristics to the membrane, such as, high surface area, hydrophilicity 
and mechanical, thermal and physical resistance. The incorporation of organic or inorganic 
nanomaterials or materials can be performed in the solution or the membrane surface 
during the fabrication. Due to the physical and chemical characteristics of the incorporated 
material or nanomaterial, functionalized membranes can present adsorptive, 
photocatalytic, catalytic, antioxidant, and antimicrobial characteristics. Still, the structural 
modification by functionalization allows the obtention of membranes with anti-fouling 
property [19, 48- 55]. 

In general, the structural modification during membrane fabrication with ceramic or 
polymeric biomaterials and solvents that are less pollutant, as well as the functionalization 
with organic or inorganic materials, allow that the membrane separation process meets the 
sustainable principles becoming a technique closer to the concepts of Green Technology 
[26, 28, 48, 56]. Thus, this review chapter aims to present general aspects of the 
conventional membrane separation process and ways of turning the process more 
sustainable by using biopolymers and green solvents and functionalizing the membranes 
with organic and inorganic additives. This structural modification, besides keeping the 

 EBSCOhost - printed on 2/14/2023 2:02 PM via . All use subject to https://www.ebsco.com/terms-of-use



Advanced Functional Membranes  Materials Research Forum LLC 
Materials Research Foundations 120 (2022) 111-150  https://doi.org/10.21741/9781644901816-4 

 

114 

industrially desired selectivity, influences the anti-fouling properties, promoting an 
increase in the membrane lifespan. 

2. Membrane separation processes  

2.1 Morphological classification of the membranes 

The membrane separation process is known since 1748 when Abbé Nolet observed that 
water diffused through a semi-permeable membrane from a dilute solution to a more 
concentrated one. However, between the 18th and 19th centuries, membranes had no 
industrial and commercial use and were used exclusively for laboratory applications. 
Natural membranes were made from the intestine and stomach of animals, or bladders from 
pigs, cattle, or fish [57-60]. However, a great advance in the membrane separation process 
occurred in the early 1960s, when Loeb and Sourirajan performed the annealing of 
commercial acetate membranes and obtained anisotropic reverse osmosis membranes with 
smaller pore sizes and ten times greater flux than previously existing membranes. In this 
period, the utilization of reverse osmosis membranes to desalinate water started [2, 18, 61]. 
After the discovery of Loeb and Sourirajan, many others happened in the following years, 
such as the fabrication of membranes using ceramic and polymeric materials, which is 
performed up to now [1-3]. 

The membrane filtration can be defined as the separation of two or more components 
through a semi-permeable barrier, based on the particle size difference, in which the 
permeate is what passes through the membrane, and what is retained in the membrane is 
the retentate [51, 60, 61]. The membrane separation process is commercially attractive by 
its technical and economic characteristics, being mainly based on the sieving and 
electrostatics principles [18]. Often, the membranes are considered a more efficient 
technology than conventional methods of gravity separation, chemical precipitation, 
adsorption, and ion exchange [11, 60, 62]. 

The conventional separation methods that are consolidated in several industrial processes 
possess unfavorable characteristics, especially concerning the utilization of large physical 
areas, the necessity of toxic compounds, and generation of secondary pollutants that need 
adequate treatment [11, 18, 60, 62, 63]. The chemical precipitation method, for example, 
requires the utilization of a large quantity of chemical products to adjust the pH so that the 
foulant precipitate, while the gravity separation needs a wide physical area and 
considerable time to separate the foulant agent. Adsorption is presented as the more viable 
alternative among the conventional and consolidated techniques, due to the high removal 
capacity of several types of solutes/pollutants. However, adsorption has as its challenge, 
be abel to reuse of the adsorbent for several cycles keeping efficiency [11, 18, 63]. Thus, 
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when the characteristics of the membrane separation process are evaluated and compared 
to the conventional and consolidated methods used up to now, membranes are verified to 
be able to be used in separation, concentration, and/or purification of several types of 
substances and several industries. 

Membranes can be classified concerning their origin, morphology, structure, fabrication 
method, and material used [60]. The first classification refers to the nature or origin, which 
can be biological or synthetic in the liquid or solid form, according to Fig. 1 [40]. Dense 
and porous polymeric synthetic membranes can be classified into symmetrical and 
asymmetrical according to the morphology and pore distribution [40, 59, 64]. According 
to the distribution and size of the pores, dense and porous membranes can be isotropic 
symmetric when the pores present similar size, and anisotropic asymmetric when the 
structure is not uniform with pores distributed in different sizes in the membrane [2, 62]. 

In the dense morphology, the pores are not visible and the solute moves by diffusion 
through the membrane. The separation of the solutes from a solution is determined by the 
diffusivity and solubility in the membrane material, thus being able to perform the 
separation of particles with similar sizes [59]. The microporous morphology aims to reject 
all the solutes with a size higher than the pore sizes of the membrane. Thus, solutes or 
particles with similar pore sizes to the membrane can cause the pore blocking, clogging it 
up, and decreasing the filtration process performance [2, 61]. 

Figure 1  Classification of the membranes concerning origin, morphology, and structure. 
Source: author 

 

Asymmetric membranes have a structure consisting of a very thin polymer top layer (0.1 
to 1 µm) supported by a highly porous 100 to 200 µm sublayer that acts only as a support. 
Thus, the pore size and the material nature of the top layer are responsible for the membrane 
separation characteristics, while the permeate flow is determined by the thickness and 
sublayer of the membrane [40, 60, 64]. Thus, asymmetrical membranes possess high flows 
when compared to the symmetrical ones, and present lower fouling, because the highest 
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solute rejection happens in the membrane surface, making the internal structure of the pores 
present low clogging [61,65]. 

One factor that influences the morphology and structure of the membrane, polymeric or 
ceramic, is the fabrication technique used. For symmetrical polymeric membranes, the 
most used methods are sintering, stretching, and track-etching, while the asymmetrical 
membranes are produced mainly by the phase inversion method from a sole polymer or by 
the blend of polymeric materials [19, 60, 65]. 

The phase inversion method basically consists in dissolving a polymer into an adequate 
solvent and transforming the polymeric solution into a liquid state to a solid state, thus 
forming the membrane [66, 67]. For such transformation, after the polymer dissolution, the 
dissolved polymeric solution is spread under inert support as a thin liquid film and the 
phase inversion of the liquid film can be induced by the contact with a non-solvent or vapor, 
thermal contact, or solvent evaporation [19, 68]. During the phase inversion, the highest 
polymer concentration forms the membrane surface with lower pores, while the pores in 
the sublayer of the membrane are constituted of lower polymeric concentration [40, 64, 68, 
69]. Due to the simplicity of the method and the fabrication cost, the phase separation 
induced by a non-solvent, also known as phase inversion via immersion precipitation, is 
the most used and reported in the literature fabrication method of asymmetrical membranes 
[19, 49, 67, 70, 71]. 

To improve the membrane performance concerning the permeate flow and selectivity, 
several parameters must be controlled, among them, the polymeric concentration, relative 
humidity, time of solvent evaporation before the immersion, temperature, and composition 
of the immersion bath [69]. The choice of parameters that will be controlled will directly 
influence the final morphology of the membranes, since the process of fabrication must be 
performed in a way that the membranes are produced with adequate characteristics to the 
kind of process (separation, purification, or concentration) that they will be industrially 
subjected. Thus, the property of solute transport through solid membranes can be 
performed from the application of concentration, pressure, temperature, or electric 
potential gradient [40, 64, 72]. 

In general, the lower the pore sizes, the higher the hydrodynamic resistance and the higher 
the necessary driving force so that permeate flow is not reduced. Thus, the pressure-driven 
membranes are classified into microfiltration, ultrafiltration, nanofiltration, and reverse 
osmosis. Table 1 shows the main characteristics of these membranes [2, 40, 61, 73]. 
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Table 1  Characteristics of the pressure-driven membranes according to the pores’ sizes 
and rejected material 

Membrane Pressure [bar] Pore Size [µm] Retentate 

Microfiltration  0.1 - 2 Macroporous pore  

0.1 - 10 

Bacteria, viruses, pathogens, 
and suspended particles 

Ultrafiltration  1 - 5 Mesoporous pore  

0.001 - 0.1 

Macromolecules 

Nanofiltration  5 - 20 Microporous pore 

0.001 - 0.01 

Sugars and divalent ions 

Reverse 
Osmosis 

10 - 100 Non-porous 

0.0001 - 0.001 

Monovalent ions 

Source: author 

Microfiltration membranes are commonly applied in the pharmaceutical, food and 
beverage, and semiconductor industries to remove bacteria, viruses, pathogens, in addition 
to the filtration of suspended particles, proteins, and emulsion separation. The 
microfiltration membranes use the principle of physical separation to reject particles with 
sizes higher than the range between 0.1 to 10 µm. Compared to the other kinds, the 
microfiltration membrane presents more open pores and consequently lower operating 
pressure than the other classifications [3, 31, 59, 60, 74]. The separation of solutes in the 
ultrafiltration membrane occurs by the pore size difference. This kind of membrane 
presents high product yield, relative easiness of scale-up, cleaning and equipment 
sanitation easiness, being mainly applied in the biotechnological and food area, where they 
are largely used to purify, concentrate, and fractionate solutes such as colloids, 
microorganisms, proteins, and lipids [3, 51, 75, 76]. 

The nanofiltration membrane possesses pore sizes between 0.001 and 0.01 µm, being 
responsible for the separation of particles with molecular weight cut from 200 to 
1000 Dalton. Both the nanofiltration and the reverse osmosis membranes require high 
pressure during the filtration and present a high solute rejection rate, despite the 
nanofiltration membrane presenting low rejection of monovalent ions, such as chlorides. 
Due to the high rejection rate of divalent ions and sugars, the nanofiltration membranes 
have several applications, being the main ones in the potable water, sewage treatment, 
pharmaceutical, biotech, and food engineering segments. While the reverse osmosis 
membranes possess pore size between 0.0001 and 0.001 µm and can be applied in the 
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concentration of a feed flow, due to the rejection of water molecules, or even produce ultra-
pure water in the permeate since it possesses a solute rejection higher than 99%. 
Ultrafiltration membranes are considered porous, while reverse osmosis ones are dense 
[51, 60, 67, 75, 77-81]. 

Another factor that influences the performance of the pressure-driven membranes (Table 
1) is the kind of material used for the fabrication. The characteristics of the ceramic or 
polymeric material directly influence the obtention of a membrane that presents a high 
lifespan, besides thermal, mechanical, and physical stability [2]. The organic membranes 
are usually made of polymers such as polysulfone, polyvinylidenefluoride, 
polyethersulfone, polyacrylonitrile, polyvinyl alcohol, polyvinyl chloride, polyethylene, 
polypropylene, polyamide, chitosan, cellulose acetate, and cellulose [3, 19, 31, 75]. In the 
fabrication of inorganic membranes are commonly used materials ceramics, zeolites, 
carbon, glass, or metal [32, 60, 82]. 

When compared to polymeric membranes, the inorganic membranes possess higher 
mechanical resistance, thermal, and chemical stability, being thus able to operate in 
extreme conditions. Besides, ceramic membranes possess easier cleaning and longer 
lifespan, being able to be used industrially for more than 8 years, while the polymeric 
membranes need to be replaced every 2 years [2, 32-34]. However, the inorganic 
membranes do not present good performance during the microfiltration and ultrafiltration 
processes, besides being too fragile and being easily damaged by improper vibration or 
fall. Besides, the biggest disadvantage of inorganic membranes is the high initial 
investment cost [62, 83], while the polymeric membranes are widely used in industrial 
processes, due to their low cost, easiness of fabrication, and they are available at a wide 
range of pore sizes [60, 62]. However, a great limitation in the use and commercialization 
of polymeric membranes occurs due to the fouling development [19, 84, 85]. 

2.2 Concentration polarization and fouling 

Fouling can be defined as the accumulation of particles, colloids, salts, and 
macromolecules such as proteins and polysaccharides on the membrane surface, inside 
and/or in the pore walls. The deposition of macromolecules in the membrane surface begins 
in the first minutes of filtration and over time it causes an additional resistance to mass 
transfer, causing the phenomenon known as concentration polarization [40,59]. The main 
consequence of concentration polarization is the drop in permeate flow. Especially in 
porous membranes, the continuous drop of the permeate flow is commonly observed during 
the filtration, with a decrease in the solute rejection. At this moment, another phenomenon 
known as fouling is developed, which is responsible for the lifespan decrease of the 
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membranes, increasing operating costs of the membrane separation process [19, 31, 51, 86, 
87]. 

Fouling can be reversible when the solutes are retained in the membrane surface forming 
a gel-cake layer, and irreversible when the membrane pores become obstructed by the 
solutes [88, 89]. The factors that influence the most in the fouling are the flow velocity, 
feed composition, concentration of the main constituents, transmembrane pressure, process 
temperature, feed pH, size and shape of the fouling material, besides the membrane 
properties such as hydrophilicity/hydrophobicity, roughness, size, and type of pores [31, 
89]. Another factor that influences fouling development is the kind of filtration used, dead-
end or cross-flow filtration. In the cross-flow kind of filtration, the flow parallel to the 
membrane surface limits the accumulation of retained material, delaying the development 
of concentration polarization and fouling [40]. Fouling can occur from the clogging by 
organic, inorganic, colloidal, and biofouling substances (Fig. 2) [31, 84, 89-93]. 

Figure 2  Types of foulants that can occur on the membrane during dead-end or cross-
flow filtration. Source: author 

 

With the development of fouling and consequent selectivity loss, after a certain filtration 
time, it is necessary to stop the process and perform a membrane cleaning. This cleaning 
can be performed physically, chemically, or by backwash, enabling to remove especially 
the reversible incrustations. The cleaning inefficiency causes a loss in the membrane 
performance, decreasing the lifespan and leading to a limited condition in which the 
membrane needs to be discarded. Besides, to perform the cleaning, the membrane needs to 
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possess mechanical and chemical resistance, and tolerance to chlorine, and different pH 
ranges [2, 19, 31, 40, 94, 95]. Thus, the choice of the material and technique used to 
fabricate the membrane together with the knowledge of the incrustation mechanism and 
kind, as well as the optimization of several cleaning cycles with increase of the lifespan are 
important topics to still be studied and developed to improve the performance of the 
membrane separation process. 

3 Fabrication of sustainable membranes 

3.1 Biopolymers, green solvents, and functionalization 

Currently, there is a great search for sustainability in industrial processes due to the 
accentuated growth of chemical industries, and it is undeniable that the environment has 
been suffering aggression by this sector. In addition, the requirements from society and 
environmental protection agencies with their respective legislation have been growing. 
Thus, the improvement of conventional industrial production processes with green and 
sustainable strategies, maintaining the quality and productivity required by the consumer 
market is essential [21, 26, 27, 39, 96-100]. 

In general, the membrane separation process presents as its main advantages: mild 
operating conditions with low energy consumption, without the use of additives to promote 
the separation, concentration and/or purification, operating flexibility, combination with 
other techniques causing a reduction in the industrial process stages, easiness of scale-up, 
lower residues generation, and great selectivity during separation, which can occur by the 
molecular size, or by the physicochemical behavior of the compounds involved. These 
characteristics make the membrane separation process able to be included in the current 
concepts of sustainable processes that combine care for the environment and maintenance 
of productivity. However, much still can be done and improved concerning the processing 
conditions of the membrane separation process, as well as structural modifications in the 
membranes to make them more sustainable [15, 16, 40, 101-104]. 

Normally, membranes are considered sustainable when they use renewable and clean 
sources in their fabrication, such as the biopolymers and green solvents, or even, when a 
morphological modification based on synthetic polymers or organic and inorganic 
additives is performed to increase their performance, anti-fouling properties, and lifespan 
of the membranes, and consequently, the membrane separation process [10, 22, 28, 36, 37, 
41, 105-107]. Among this sustainable tendency, a problem found in the membrane is the 
polymers used for its fabrication. Polymers are predominantly synthetic, formed by non-
biodegradable hydrocarbons, resistant to chemical and biological attack, ensuring 
longevity, and other properties maintained for long periods [35, 36]. In this context, the 
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environmental impact caused by the use of synthetic materials in the form of plastics has 
stimulated the development of membranes from biodegradable biopolymers, produced 
from raw materials of renewable sources, such as corn, sugar cane, cellulose, and chitin 
[39,108]. 

Among the biopolymers, the polysaccharides cellulose and chitin, which are the most 
abundant natural polymers found in nature, have been the aim of several studies in the last 
years [22, 37-39, 105, 108-112]. Cellulose is a renewable polymer available in abundant 
quantity, biodegradable, with low cost, being, thus, another ecologically correct option to 
be used in the membranes’ fabrication [37, 38, 113]. Through the deacetylation of chitin, 
chitosan is obtained, a biorenewable chemical product that is low-cost, with good stability 
characteristics, antibacterial activity, chelating properties, hydrophilicity, water solubility 
(at acidic pH), and is also biocompatible, biodegradable, and non-toxic, contributing to a 
cleaner and more environmentally correct fabrication process [15, 39, 114-116]. Chitosan 
can be used in the modification and development of membranes with higher hydrophilicity 
and performance for the reverse osmosis, ultrafiltration, and nanofiltration processes. 
Membranes based on chitosan have good separation efficiency, high adsorption capacity, 
fast kinetics, and present reuse capacity for several cycles, besides anti-fouling 
characteristics. These features enable chitosan membranes to be used mainly in the 
treatment of water and effluents containing heavy metals and dyes [114, 117-125]. 

When the use of synthetic and non-biodegradable polymers is inevitable, solvents less 
harmful to the environment can be used in an attempt to make the membrane with more 
sustainable characteristics. Usually, the fabrication of polymeric membranes is based on 
the phase separation induced by a non-solvent, which used a great quantity of reprotoxic 
organic solvents such as N,N-dimethylformamide, N-Methyl-2-pyrrolidone, and N,N-
dimethylacetamide [126, 127]. In the literature, studies that use green solvents such as ethyl 
lactate, ionic liquids, supercritical CO2, and even water are found [27, 28, 106, 126]. 
Besides, studies point that the membrane fabrication processes that performed the complete 
substitution of toxic solvents by more ecological solvents reached performances 
comparable to the ones produced by the classical approach [26, 28, 106]. 

In order to enable solvent substitution, modifications in the polymer dissolution need to be 
performed. For the separation of the aqueous phase without the utilization of organic 
solvents, three alternatives are mentioned in the literature. In the first one, the weak pH-
responsive polyelectrolyte in its charged state is dissolved in water and then precipitated 
using a pH interrupter [27, 100]. In the second alternative, two polyelectrolytes, one weak 
and one strong with opposed charges, are mixed in a pH, where the weak polyelectrolyte 
is discharged, and then, a change in the pH induces the phase separation, due to the 
complexation between both polymers [99]. Lastly, in the third alternative, the 
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complexation of the polymers occurs due to the mixture of two strong polyelectrolytes of 
opposed charge at a high salt concentration [128]. 

A promising alternative to turn the membranes more sustainable is the functionalization of 
the membrane from structural modification. This structural modification can be performed 
from the incorporation of organic or inorganic compounds/additives, providing 
antimicrobial, antioxidant, adsorptive, or catalytic characteristics to the membrane, 
depending on the kind of functional material employed, besides improving the anti-fouling 
properties and increasing the lifespan of the membranes [9, 18, 19, 129]. Thus, the 
structural functionalization allows the fabrication of membranes with morphologies that 
are more and more adequate to the specific demands of each industrial process, be it 
separation, purification, and/or concentration. This functionalization with sustainable 
materials still adds more characteristics associated with the Green Technology concepts to 
the separation membrane process. 

Among the several functionalization techniques of polymeric porous membranes 
fabricated by phase inversion, the morphological modification from the insertion of organic 
and inorganic additives in the polymeric solution [89, 130] and under the liquid film in the 
form of a surface coating of the membrane [18, 48, 51, 89, 125] can be performed. Still, 
modifications of the macromolecules during the synthesis of the polymer that will be used 
in the fabrication of the membranes can be done [19, 41, 73, 89]. Thus, physical and/or 
chemical methods can be used to enable the modification of the membrane surface (Fig. 
3). 

Figure 3  Functionalization techniques for porous polymeric membranes surface. Source: 
author 
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In the physical functionalization, the additive binds to the membrane surface through van 
der Waals bonds, electrostatic interaction, or hydrogen bonds which has a weaker 
interaction than the others and may not be stable in the long term. Thus, the membrane is 
coated by a very thin functional surface layer that provides anti-fouling properties, keeping 
high performance. Physical surface functionalization is the most used method to modify 
membranes. In addition, the surface coating technique can be applied to the fabrication of 
membranes layer-by-layer or double-membrane/in sandwich. However, the disadvantage 
of this method is the weak interaction between the coated layer and the membrane, which 
can allow that this layer suffers alteration and be removed during the chemical/physical 
cleaning and even during the operating process [131-136]. While in the surface adsorption 
technique, the membrane is modified by the insertion of compounds such as charged 
polyelectrolytes and surfactants in its surface, able to turn it into hydrophilic and 
consequently, improve the anti-fouling capacity [134, 137-139]. In the surface 
modification by blend, it is customary to mix organic and/or inorganic materials in order 
to transfer the main individual characteristics of each material to the membrane, such as 
hydrophilicity, thermal, physical, and chemical resistance [71, 140]. 

In chemical functionalization, the additive is fixed to the membrane surface by covalent 
bonds that have better chemical and structural stability. The functionalization with 
polymers, plasma treatment, and graft polymerization are examples of chemical 
functionalization techniques [18, 89, 134, 138, 141]. The plasma treatment has been widely 
used to modify the surface of polymeric membranes, due to the quick reaction time, high 
versatility, and being a process without secondary waste generation. In this method, the 
plasma species interact with the polymer surface, causing an electronically excited state in 
atoms with the formation of free radicals and unsaturated bonds. Thus, the reactions with 
the water and oxygen molecules in the surface of the polymer are eased and consequently, 
the surface of the membrane becomes with hydrophilic characteristics and higher fouling 
resistance [89, 133, 135, 142, 143]. Graft polymerization is the most used chemical method 
to modify the surface, which occurs through a covalent bond between the membrane 
surface and a polymer with the desired characteristic. This method is attractive due to its 
simplicity, and for not requiring an extra stage of chemical modification of the polymers 
during the membranes fabrication [18, 89, 130, 144, 145], which allows its utilization with 
a wide range of monomers that can be polymerized and grafted onto the porous membrane 
in a simple way, giving it several physicochemical surface properties [134, 135, 137, 138, 
146]. 

In both chemical and physical functionalization, the use of nanomaterials is a widely used 
alternative in the membrane separation process. The nanomaterials possess as their main 
characteristics the high surface area that favors the adsorption, unique surface chemistry, 

 EBSCOhost - printed on 2/14/2023 2:02 PM via . All use subject to https://www.ebsco.com/terms-of-use



Advanced Functional Membranes  Materials Research Forum LLC 
Materials Research Foundations 120 (2022) 111-150  https://doi.org/10.21741/9781644901816-4 

 

124 

and the photocatalytic, antimicrobial electrical, and optical properties that are desired in 
the membranes [7, 13, 21, 53, 107, 147, 148]. Several modifying agents are studied for the 
membrane functionalization and improvements of the anti-fouling properties, such as the 
metallic silver (Ag) and copper (Cu) nanoparticles, metal oxides (Fe2O3, ZrO2, Al2O3, SiO2, 
ZnO), in addition to various forms of carbon nanofillers, zeolites, Mg(OH)2, CaCO3, and 
MnO2 [19, 107]. Comparing all these materials, it is worth mentioning that the 
carbonaceous materials are ecologically correct, of easy preparation, and abundant 
availability, besides presenting excellent biocompatibility, and low toxicity [53, 149]. The 
carbon nanomaterials have unique characteristics, being the main ones the possibility to 
reach the required pore size, high surface area, and surface functionality, which collaborate 
to increase thermomechanical stability, water permeability, hydrophilicity and 
consequently improve the anti-fouling properties of the membrane [52, 150]. Besides, the 
functionalizing nanomaterials can even provide the membranes antibacterial and 
photocatalytic characteristics [125, 151-153]. 

Currently, several studies are approaching the membranes’ functionalization using 
graphene that is a material based on carbon, especially because of the efficiency that the 
graphene presents in environmental applications, involving the adsorption, catalysis, and 
photocatalysis techniques [49, 53, 98, 151, 152]. These several studies showed that 
membranes functionalized with graphene have easy permeate flow recovery after cleaning, 
chemical and physical stability of the nanomaterials added, and performance improvement 
concerning the permeate flow and solute rejection. Besides, due to lightness, flexibility, 
high conductivity, and resistance, the functionalization with graphene gives the membrane 
desirable characteristics that are closer to the concepts of sustainability [52, 98, 154]. 

Following the Green Technology principle, the functionalization with agricultural, 
lignocellulosic, civil construction, wood production, fruit peel, and general disposal 
residues is a promising and sustainable alternative for the fabrication of composites with 
minimization of environmental pollution [54, 155-157]. For example, there is eggshell, 
which is a residue consisting basically of minerals, such as calcium and magnesium 
carbonate, and lignocellulosic materials extracted from bamboo or other residues, which 
can be used in functionalization, providing catalytic, adsorptive, and anti-fouling 
characteristics to the polymeric membranes [50, 157-161]. 

The possibility of morphological and structural modification of membranes using 
biopolymers, green solvents, and the functionalization of materials and/or nanomaterials 
make the membrane separation process to be a technique closer to the sustainability 
principles, being highlighted as a Green Technology. 
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3.2 Applications of the functionalized membranes 

The membrane separation process is widely used in pharmaceutical, chemical, and food 
industries, in medical areas, and the treatment of domestic and industrial water. Some 
examples of applications can be mentioned, such as water treatment; residual water 
treatment; recuperation/purification of active pharmaceutical ingredients and valuable 
catalysts; recuperation of proteins and metallic ions; standardization, concentration, and 
fractionation of proteins; enzymes’ purification; concentration of milk, cheese whey, and 
fruits’ juice; whitening and desalcoholization of wines and beers; desalinization and 
demineralization of waters; as artificial kidneys and lungs in hemodialysis and 
oxygenators, respectively [3, 38, 66, 67, 112, 162]. 

In the literature, several relevant studies are found that used synthetic polymers and the 
combination with biopolymers, green solvents, and functionalization of the membranes 
with organic and/or inorganic additives to fabricate the membranes in order to make them 
more sustainable without losing the process efficiency. Rassol et al [28] fabricated 
nanofiltration membranes by the phase inversion technique using the biopolymer cellulose 
acetate dissolved in methyl lactate solvent, biodegradable and non-toxic, and in the green 
co-solvent 2-methyl tetrahydrofuran also from renewable resources. In this study, the 
cellulose acetate concentration in the casting solution, the addition of co-solvent, and the 
solvent evaporation time before the coagulation bath were evaluated. The performance of 
the membrane was evaluated with aqueous solutions of rose bengal or MgSO4. The authors 
observed for the rose bengal, that the increase in the concentration of cellulose acetate from 
8 to 20% (wt%) caused an increase in the rejection from 31 to 99.5%, and a decrease in the 
permeability from 31.8 to 2.4 L m-2 h-1 bar-1, respectively. The addition of 10% (wt%) of 
co-solvent in the membranes with 10% (wt%) of cellulose acetate promoted rejection of 
the rose bengal solution higher than 92.0%, and mean permeability of 3.5 L m-2 h-1 bar-1. 
Concerning the solvent evaporation time, in the membranes with 20% (wt%) of cellulose 
acetate, the MgSO4 solution rejection was approximately 93.0% without evaporation and 
96.5% with evaporation with a mean flow of 1.3 L m-2 h-1 bar-1. With this study, the authors 
evidenced that the utilization of biopolymers associated with solvents that are less pollutant 
is a promising alternative to fabricate sustainable and ecologically correct nanofiltration 
membranes. 

Marino et al [24] employed for the first time the Cyrene™ green bio-derived solvent to 
fabricate two membranes, being one of polyethersulfone and other polyvinylidene fluoride. 
Both membranes were fabricated by phase inversion induced by vapor and also non-solvent 
under controlled temperature and relative air humidity. The polyethersulfone membrane 
presented a structure formed by asymmetrical macrovoids and hydrophilic character with 
a contact angle lower than 90º. The polyvinylidene fluoride membrane had morphology 
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with bicontinuous structure and contact angle between 110º and 120º, being, thus, more 
hydrophobic. The authors ranged the exposition time during phase inversion with vapor 
and observed that for the polyethersulfone membrane at lower exposition times, the 
membranes were in the ultrafiltration range, while for longer times, in the microfiltration 
range. For the polyvinylidene fluoride membrane, the phase inversion with vapor as non-
solvent promoted the formation of membranes with pores of 0.03 μm and 0.55 μm, 
respectively. Thus, from these results, the viability of utilization of the green solvent 
Cyrene™ to fabricate more sustainable and ecologically correct membranes was verified. 

Nielen et al [27] investigated an aqueous separation system based on pH change to produce 
the membranes. The authors chose to use the copolymer polystyrene-alt-maleic acid for 
having responsive monomers in its structure, which are necessary for the phase separation, 
and non-responsive hydrophobic monomers, which provide mechanical stability to the 
resulting membranes. The authors also tested the green solvent acetic acid and water to 
dilute the copolymer. Porous and dense membranes were fabricated in the microfiltration 
and nanofiltration range, which presented a rejection higher than 98% to oily waters. 
However, the membranes with dense and thin layers in the nanofiltration range showed 
rejections higher than 92% to small micropollutants. Thus, it is possible to observe that 
nanofiltration membranes can be fabricated to present excellent performance and 
sustainability characteristics through the separation method by the aqueous phase. 

Aiming to improve the anti-fouling ability of the membranes and in the search for the 
development of sustainable membranes from the functionalization with natural polymers 
and nanoparticles of biological basis, Goetz et al [37] incorporated chitin nanocrystals in 
the surface of a membrane of cellulose acetate fabricated by the electrospinning technique. 
The authors tested the membrane to purify washing water from the process of a food 
industry containing biological and organic contaminants. The incorporation of chitin 
nanocrystals to the membrane increased 131% the mechanical resistance, 340% the 
rigidity, and the flow at 0.5 bar for 14217 L m-2 h-1 and decreased the membrane 
deformation. To complement the excellent results already obtained, the authors observed 
that the acetate functionalization, which presents a hydrophobic characteristic with a 
contact angle of 132°, produced a highly hydrophilic membrane, with a contact angle near 
zero. This alteration contributed to biofouling reduction in the membrane surface, as well 
as provided better resistance to fouling after the permeation of bovine serum albumin and 
humic acid solutions. 

Most studies found in the literature about the application of the membrane separation 
process used synthetic polymers of hard biodegradation to fabricate the membranes. On 
the other hand, several authors fabricated membranes from a blend of polymers and 
biopolymers and/or performed the functionalization of the membranes incorporating 
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organic and inorganic additives to make them more biodegradable. Among the organic 
additives, the chitosan biopolymer was the most used one to fabricate porous membranes, 
with more than 13,000 research articles published up to 2016 [105]. Another biopolymer 
that has been widely used is the cellulose acetate for having a low cost, good 
biocompatibility, and hydrophilicity [38, 108]. 

Al-Gharabli et al [112] performed the covalent anchorage of chitosan to the hydrophobic 
surface of polyvinylidene fluoride membranes in order to improve membrane permeability 
and anti-fouling properties. The membranes with and without chitosan were evaluated 
concerning the rejection of volatile organic compounds, desalination, and juice 
concentration. The membranes functionalized with chitosan, called hybrid, presented 
higher thermal stability, transport performance, selectivity, and fouling decrease when 
compared to the pure polyvinylidene fluoride membrane. The separation factor increased 
from 2.3 to 11.1 after the chitosan fixation to the surface of the membrane and the 
separation index of the process was 6.8 and 90 Kg m-2 h-1 for the membrane without and 
with chitosan, respectively. In juice concentration, the membrane without chitosan had a 
higher flow decrease (50%) than the one with chitosan (20%). The authors also evaluated 
that the membranes fabricated presented the potential to be used to separate oil in water 
and residual waters treatment. 

Ji et al [109] also fabricated a membrane of a mixed matrix of chitosan with the copolymers 
2-ethacryloyloxy ethyl trimethylammonium chloride and 2-hydroxyethyl acrylate. For the 
membranes with a concentration of 25% of co-polymers, the mechanical properties of 
elongation at break and tensile strength increased 2.4 and 2 times, reaching maximum 
values of 4.3% and 61.2 MPa, respectively. The authors observed high hydraulic 
permeability, salt selectivity, and that the membrane hydrophilicity increased with the 
concentration of copolymers, causing an increase in the anti-fouling characteristic of the 
membrane. For the concentration of 50% of the copolymer, the hydraulic permeability was 
20.6 L m-2 h-1, and the rejection of the inorganic salts ZnCl2 and NaCl was 97.5 and 57.1%, 
respectively. Thus, this study showed that the mixture of chitosan with the copolymers is 
a promising strategy to prepare membranes positively charged with mechanical properties 
and great nanofiltration performances. 

Zhou et al [38] fabricated, by the phase inversion technique, ultrafiltration membranes from 
the blend the polymers cellulose acetate and polyvinylpyrrolidone and the functionalization 
with cellulose nanocrystals. The results demonstrated that, after the incorporation of the 
cellulose nanocrystals, the membrane became more porous and the mechanical property of 
tensile strength increased 47%. However, only for concentrations lower than 0.5% (wt%) 
of cellulose nanocrystals, the water flow increased and high rejection of bovine serum 
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albumin (>90%) was verified. The authors also observed that the membrane 
functionalization reduced the fouling, with a recovery of 68% of the flow. 

The functionalization can also be performed by combining organic and inorganic additives. 
El Reash et al [105] fabricated membranes using the polymeric blend of chitosan and 
polyacrylamide and functionalized them with silver nanoparticles. The membranes were 
used for the rejection of Cu (II) ions in aqueous solutions. The composed membranes were 
efficient in the rejection of the Cu (II) ions, being that the temperature increase from 20 to 
40°C accelerated the mass transfer of Cu (II) ions to the membrane surface. The 
functionalization of the membranes with silver nanoparticles was also verified to have 
provided antimicrobial properties against Gram-negative, Gram-positive, and Candida sp. 
microorganisms. The authors concluded that the functionalization allowed the lifespan of 
the membrane to be extended, due to the inability of bacteria to form a biofilm that can 
cause membrane fouling. Also, with the aim of increasing the anti-fouling property of the 
membrane and consequently its lifespan, Panda et al [163] fabricated a membrane of a 
mixed matrix using amine stabilized iron oxide (Fe3O4) nanoparticles and polyacrylonitrile 
(PAN) coated with chitosan. The chitosan coating increased the hydrophilicity of the 
membrane, however, the impregnation of Fe3O4 caused a slight decrease of this 
characteristic. Besides, the mechanical resistance and the zeta potential of the membrane 
increased with the concentration of Fe3O4 and the membrane became denser and with 
reduced roughness. The adsorption of humic acid and the fouling characteristic increased 
with the quantity of amine stabilized magnetic nanoparticles, having a higher value in the 
concentration of 0.4% (wt%), in which the maximum adsorption capacity of humic acid 
was reached (70 mg g-1) with flow recovery of 95%. 

Alhalili et al [164] used membranes fabricated with the biopolymer cellulose acetate and 
functionalized with titanium dioxide (TiO2) and zinc oxide (ZnO) nanoparticles in the 
rejection of synthetic thiol (dithioterethiol). The TiO2 and ZnO nanoparticles decreased the 
contact angle of the cellulose acetate membrane, turning it into more hydrophilic, and, thus, 
with a greater anti-fouling property. In addition, the permeability that was 8.82 L m-2 h-

1 bar-1 with the cellulose acetate membrane, increased to 20.77 and 21.96 L m-2 h-1 bar-1 
when functionalized with TiO2 and ZnO, respectively. The rejection of dithioterethiol at 2 
mM of concentration and pH 10 with filtration under the pressure of 2 bar was 99.67% for 
the membrane functionalized with ZnO. The bond ZnO-Sulfur caused a significant 
reduction of the mobility of sulfur diffusion, while the TiO2 did not present great effects. 

A mixed matrix membrane based on cellulose acetate with the incorporation of mixed 
metal oxides (Fe - Al - Mn) and chitosan was fabricated by Chaudhary and Maiti [165] 
with the aim of removing fluoride contamination in groundwater. To achieve that, several 
parameters were optimized, reaching the optimum conditions of transmembrane pressure 
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of 6 to 8 bar, pH between 6 and 9, and adsorbent mass of 8%. At these conditions, the 
membrane with an area of 1 m2 was capable of treating 4000 litters of fluoride 
contaminated water. The fluorine rejection occurred initially by adsorption and posteriorly 
by electrostatic repulsion, due to the ions adsorbed in the membrane that presented negative 
surface charges. Besides, the studied membrane presented antimicrobial potential in an 
aqueous medium, being less susceptible to microbial attack compared to the non-
functionalized cellulose acetate membrane. 

In Table 2, a summary of several studies that performed the functionalization of 
membranes to make them more sustainable and improve their performance, especially 
regarding their anti-fouling capacity, is presented. Among these studies, the incorporation 
of organic and/or inorganic materials and nanomaterials in the membrane surface is 
highlighted, which is becoming a promising alternative and able to change the 
hydrophilicity, mechanical, chemical, and thermal resistance, permeability, and selectivity 
of the membranes. This combination of organic and inorganic materials and the 
polymers/biopolymers can also provide the membrane characteristics of adsorption, 
catalysis, photocatalysis, and antimicrobial. Thus, the membranes are fabricated with 
characteristics and performance that are desirable to the industrial process in a more 
biodegradable and sustainable way. 

Table 2  Recent studies of the functionalization of porous polymeric membranes. 
Polymer Functionalization Property Application Permeability* Anti-fouling 

capacity* Ref. 

Polyvinylidene 
fluoride 

Titanium dioxide 
(TiO2), and zinc 
oxide (ZnO) 

Anti-
fouling 
and 
Photocat
alytic 

Wastewater 
treatment 

Increase of 
33.5% of the 
permeability for 
the membrane 
with TiO2/ZnO 
3:1  

Increase of 73% in 
the anti-fouling 
capacity for the 
membrane with 
TiO2/ZnO 1:3 and 
under visible light 

[21] 

Polysulfone 
modified with 
polyamide thin 
film 

Natural 
Clinoptilolite 

Anti-
fouling 

Water 
desalination 

Increase of 33% 
in the water flow 

Increase of 88% in 
the anti-fouling 
property 

[41] 

Polyethersulfone 
and alumina 

Poly(styrene 
sulfonate) and 
poly (allylamine 
hydrochloride) 

High 
rejection 
of ionic 
liquids  

Recovery of 
ionic liquid 

Permeability of 
2.5 L m−2 h−1 bar
−1 for the 
polyethersulfone 
membrane and 
4.8 L m−2 h−1 bar
−1 for the alumina 
membrane. 
Permeability 
reduction 
according to the 

Increase in the 
rejection of the 
sugars Cellobiose, 
Glucose, Xylose, 
Fructose, 1-ethyl-3-
methylimidazolium 
acetate, and 1-
butyl-3-
methylimidazolium 
chloride according 
to the increase in 
the layers of 

[166] 
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increase in the 
layers of polymer 

polymer for both 
membranes  

Polyethersulfone 
modified with 
polyamide thin 
film 

Acyl chlorided 
graphene oxide 

Anti-
fouling 
and high 
ions 
rejection  

Water 
desalination 

Increase in the 
flow from 11.6 to 
22.6 L m−2 h−1  

Rejection of Na2SO4 
increased from 
95.0% to 97.1% 

[167] 

Polyethersulfone 
Atmospheric 
pressure argon jet 
plasma treatment 

Anti-
fouling 

Concentratio
n of whey 
proteins 

Decrease of 86% 
in the hydraulic 
permeability of 
the 
functionalized 
membrane 

Increase in the 
hydrophilicity of the 
membrane and 
decrease the surface 
roughness resulting 
in a membrane with 
better anti-fouling 
characteristics. 
Increase in the flow 
recovery rate of 70% 
and high capacity of 
rejection of the 
protein  

[5] 

Polysulfone 

Polyamide 
activated with 
low pressure 
nitrogen plasma 
activated  

Anti-
fouling 

Concentratio
n of fruit 
juice 

Increase in the 
membrane 
hydrophilicity 
and hydraulic 
permeability (3 
times higher) 

Decrease of 30% in 
the time of juice 
concentration by 
osmotic distillation 
for the 
functionalized 
membranes. The 
concentration of the 
juice from 17.6 
ºBrix and 18.8 ºBrix, 
reaching up to 60.9 
ºBrix and 60.4 ºBrix 
in 430 and 340 min, 
respectively 

[168] 

Polyamide Titanium dioxide 

Anti-
fouling 
and 
Photocat
alytic 

Wastewater 
treatment 

Permeability 
increase from 
6.15 to 7.28 L h-

1 m-2 bar-1  

Improvement in the 
anti-fouling 
properties due to the 
increase of 
hydrophilicity and 
promotion of 
photocatalytic 
activity 

[147] 

Polyethersulfone 
Polyethylenimine 
and graphene 
oxide 

Anti-
fouling 

Wastewater 
treatment 

Reduction in the 
water 
permeability, 
being 
99.4 L m−2 h−1 ba
r−1 for the best 
rejection result 

Rejection of the 
Blue Corazol dye of 
97.8% and flow 
recovery rate higher 
than 80% 

[8] 
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Polyethersulfone 
Cellulose 
nanofibers and 
nanocrystals  

Anti-
fouling 

Wastewater 
treatment 

Highest water 
flow for the 
membranes with 
cellulose 
nanocrystals, 
followed by the 
membranes with 
cellulose 
nanofibers 

Reduction of fouling 
and highest rejection 
for bovine serum 
albumine and humic 
acid  

[43] 

Polyethersulfone 
Copper-modified 
titanate 
nanotubes 

Anti-
fouling 
and 
antimicr
obial  

Permeation 
of bovine 
serum 
albumin 
protein 

Highest flow in 
the membrane 
with 15% (wt%) 
of 
polyethersulfone 
and highest 
copper content 

Improvement of the 
anti-fouling property 
and highest rejection 
of albumine for the 
membrane with 
lower flow 

[107] 

Polyethersulfone TiO2@Ni 
particles 

Anti-
fouling 

Permeation 
of bovine 
serum 
albumin 
protein 

5-times increase 
of the flow  

Rejection of 95.85% 
of albumine, and 
flow recovery rate 
higher than 75% 

[148] 

Polyethersulfone 
 

Zeolitic 
imidazolate 
framework-L 
nanoflakes and 
carboxylated 
graphene oxide 

Anti-
fouling  

Removal of 
pharmaceuti
cal 
compounds  

Increase in the 
hydrophilicity of 
the membrane 
and increase in 
the water 
permeability 
(203.5 L m−2 h−1 
bar−1) in the 
membrane with 
0.25% (wt%) of 
graphene and 
0.25% (wt%) of 
zeolitic. 

Improvement in the 
anti-fouling 
properties and flow 
recovery rate of 
95.1%. Amoxicillin 
rejection of 98.9% in 
laboratory-produced 
waters 

[9] 

Polyethersulfone 
modified with 
polyamide thin 
film 

Functionalized 
boron nitride 
nanosheets 

Anti-
fouling 
and high 
ions 
rejection  

Water 
desalination 

Increase of 25% 
in the water flow  

96.4% rejection of 
the salt NaCl, and 
96% of flow 
recovery 

[10] 

Polysulfone 

Polyvinylpyrrolid
one and silicon 
dioxide 
nanoparticles 

Anti-
fouling 
and high 
rejection 
of 
amoxicil
lin 

Removal of 
antibiotics 
from the 
aqueous 
medium  

Increase in the 
flow from 
6.6 L m−2 h−1 bar
−1 (pure 
membrane) to 
42.28 L m−2 h−1 b
ar−1 (membrane 
functionalized 
with 3% of 
silicon dioxide) 

Increase in the 
separation 
performance of the 
amoxicillin from 
66.52% to 89.81% 
in the membrane 
with 4% (wt%) of 
silicon dioxide. 
Improvement in the 
hydrophilicity and 
the anti-fouling 

[7] 
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property of the 
membrane. The 
relative flow 
reduction ratio was 
34.14% for the 
modified membrane  

Polyethersulfone 

2-
mercaptoethanol 
capped zinc 
sulfide quantum 
dots 

Anti-
fouling 
and high 
rejection 
of dye 

Rejection of 
dye 

Increase in the 
hydrophilicity of 
the membrane 
and the flow with 
water 
249.1 L m−2 h−1 b
ar−1 for 1% of 
added 
nanocomposite 

Improvement in the 
anti-fouling capacity 
and increase in the 
flow recovery rate 
from 52.6% to 
87.9% with the 
addition of the 
nanocomposite. 
Increase in the 
rejection of the 
Reactive Red 195 
dye from 91.3% to 
96.1%. 

[12] 

Polyvinylidene 
fluoride 

Ionic liquid 
triocty (dodecyl) 
phosphonium 
chloride 

High 
recovery 
of 
platinu
m group 
metals 

Separation 
of metals 

The isotropic 
dense membrane 
achieved lower 
values of initial 
flow and 
transport kinetics 
slower than the 
porous 
anisotropic 
membrane  

Recovery of Pt and 
Pd higher than 90% 
for both membranes 
and excellent 
chemical resistance 
property during 
exposition of 10 
days to aggressive 
chemical products  

[14] 

Polysulfone and 
polytetrafluoroet
hylene 

Graphene oxide Anti-
fouling 

Removal of 
lactose and 
concentratio
n of fats and 
proteins 

Improvement in 
the anti-fouling 
capacity and the 
hydrophilicity of 
the membranes. 
Flow recovery of 
89% for the PS 
membrane and 
43% for the 
PTFE membrane  

Higher lactose 
concentration in the 
permeate for the 
functionalized 
membranes 

[13] 

* compared to the membrane without additive. Source: author 

4. Final Considerations 

This review approached the possibility to improve the membrane separation process from 
the use of membranes fabricated in a more sustainable way and with similar or higher 
mechanical, chemical, and thermal resistance characteristics when compared to 
membranes fabricated with synthetic polymers. Basic concepts that involve the structural 
and morphological classification of the membranes, as well as problems related to the 
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fouling development during the filtration process were also presented. Concerning the 
sustainability concepts, the membrane separation process was observed to be able to be 
considered as a Green Technology due to the low energy consumption, the non-generation 
of pollutants, and the possibility to reuse the membranes for several cycles without 
decreasing its performance regarding the permeate flow and selectivity. However, the 
studies found in the literature showed that it is possible to improve even more the 
sustainability concept in the membrane separation process. This improvement is achieved 
through structural modification of the membranes using biopolymers, solvents that are less 
harmful to human health, and functionalization of the membranes with organic and/or 
inorganic additives. Among the biopolymers, chitosan and cellulose acetate are the most 
used ones to fabricate membranes individually, but mainly as a blend of synthetic 
polymers, because the biopolymers dot not always present adequate chemical, physical, 
and thermal resistance to be used industrially. Thus, the blend between the polymers and 
biopolymers is a possibility to have a more sustainable membrane and with desirable 
characteristics. Concerning the green solvents, water, ethyl lactate, and ionic liquids would 
be the most indicated. This review also evidences the great volume of studies that were 
developed in the last 10 years regarding the functionalization of membranes, which was 
preferably performed inserting organic and/or inorganic materials and nanomaterials in the 
polymeric solution or the membrane surface. The functionalization of membranes becomes 
a great alternative to improve the morphology, increase the anti-fouling property, and 
lifespan of the membranes because it allows associating to the membranes adsorptive, 
catalytic, photocatalytic, and antimicrobial characteristics. Thus, this review demonstrated 
that, with the adequate structural modifications in the membranes, the environmentally 
sustainable Green Technology characteristic that does not harm the environment nor future 
generations can be associated with the membrane separation process, besides the 
separation, purification, and concentration efficiency, already consolidated in industrial 
processes.  
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Abstract 

Self-assembled membranes have gained a lot of attention in the scientific community. They 
offer a simple and cheap way to form membranes that serves specific purposes like water 
filtration, drug delivery, anti-glare coatings, dielectrics, scaffold tissue engineering, etc. 
Polymers are the most popular choice for making self-assembled membranes, however 
there are other available options like proteins, small molecules, etc. Each new 
method/material offers certain advantages and disadvantages. Polymer membranes are 
strong and durable, but offer low porosity. Other materials like proteins degrade quickly. 
Hybrid materials are thus synthesized to combine the advantageous properties of materials 
and form self-assembled membranes. It is difficult to obtain membranes that are thin, 
sturdy and long lasting. New materials are being synthesized. However, materials that 
already exist can also serve well enough. A different perspective is needed to look into 
current materials and put them into good use. Self-assembled membranes offer a lot of 
potential uses and a lot of research is being pursued in this regard. 
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1. Introduction 

Membranes are defined as thin sheets that allow materials to pass through it. Simple as 
they may sound, membranes are what make life possible. They constitute very important 
parts of cellular life. They form the walls of the cell and other organelles that separate the 
interior of cells from its surroundings (fig. 1). They provide structural support by rendering 
the cell with shape and rigidness [1]. They protect the cell against pathogens. They help 
build osmotic pressure that allows for the movement of material into and out of the cell. 
They decide what goes through it, and what doesn’t. They allow important materials like 
water and oxygen to pass through it, and reject materials that may be harmful for the cell 
[2]. Apart from being the regulators of life, membranes have been put into use in various 
other aspects of life as well.  

The water filters that we use in our houses use these membranes to filter out unwanted 
materials like clay, salts, etc. The filtration that occurs there is based on a process called 
reverse osmosis (RO). Osmosis is a naturally occurring process in which a solvent moves 
spontaneously from a region of high solvent or low solute concentration to a region of low 
concentration of solvent or high solute through a semipermeable membrane [3], whereas 
in RO the opposite happens. The solvent is forced to move from a region of low 
concentration to high concentration, by applying pressure on it. Water containing 
impurities like chemicals, clay, etc. is moved across a semipermeable membrane by 
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applying pressure on it. The membrane allows only water to pass through it and blocks out 
the impurities, thus filtering the water out (fig. 2) [4]. 

 

 

Figure 1  Cell wall: It separates the interior of the cell from its surroundings thus 
protecting it from damage from external agents. Image source: [5] 

  

Figure 2  Working principle of reverse osmosis. Since it is not a naturally occurring 
phenomena, external pressure needs to be applied for RO to occur. Image obtained from 

ref.[7] with permission from IJARCS. 

 

Of course, the water still has other impurities like microbes that can’t be simply filtered 
out due to their small sizes. They are removed/killed using other processes like Ultra-violet 
filtration and nano-filtration [6].  

The osmosis phenomenon is also used in medicinal purposes. The dialysis technique that 
is used to help people with dysfunctional kidneys is also based on osmosis, albeit a bit 
differently. In dialysis, instead of the solvent, the solute in blood (impurities, toxins, etc.) 
moves through a semipermeable membrane. The membrane doesn’t allow the solvent 
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(blood) to pass through it. Thus, the blood gets purified and is returned back to the body 
(fig. 3) [8]. 

       

Figure 3  Working of dialysis. Blood moves through a membrane to filter out toxins. The 
filtered blood is returned back to the body. Image obtained with permission from ref.[9].  

 

Dialysis is a life saver. All the people who are on a waitlist for kidney transplants undergo 
dialysis, since their own kidneys can’t purify the blood. So, until their turn arrives, dialysis 
is what keeps them alive. 

Another area where membranes are being used these days is the field of optics. Lenses used 
in spectacles are now being coated with certain material, like magnesium fluoride (MgF2), 
that prevent the “glare” phenomenon (fig. 4). It is based on the idea that the reflectivity of 
the outer surface can be reduced if the transition of reflective index between the lens and 
surrounding is decreased [10]. Doing this vastly improves the efficiency of lenses since 
less light is lost due to reflection. This makes driving, especially during nights, much easier 
and safer. One of the latest advancements in this field is the development of a coating that 
reduces the amount of blue light that passes through the lens. Blue light is the major cause 
of eye strain and headaches and prolonged exposure can be very harmful [11]. These 
coatings are a boon to people who can’t help but sit in front of electronic gadgets all day 
long.  

Self-assembled membranes are defined as membranes that arrange themselves on their 
own, a cell wall made up of phospholipids being one of the many examples. Over the past 
few years, the interest in self-assembled membranes has risen exponentially, owing to their 
real-life applications, self-assembling properties, low-cost preparation, self-structure 
regulation and the opportunity to create tailor made membranes that serve specific 
purposes, like the anti-glare coatings. 
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Figure 4  Difference in images formed of a white object. Left side is coated with AS-AG 
plastic, and the right side is uncoated. The coated side shows significantly reduced 

reflection. Image obtained from ref.[12] with permission from Elsevier. 

 

The scope for their applications is vast. They can be employed in almost every sphere of 
life. The current research is focused on: 

• Developing membranes that offer separation based on size and purification 

• Controlled release of materials 

• Scaffold tissue engineering: 3-D porous materials are used to determine a region that 
later on gets filled by a developing tissue. The membrane provides mechanical 
support and also allows exchange of necessary materials, owing to its porous nature. 

• Sensors and catalysts 

• Low dielectric materials, to be used in microelectronics 

• Anti-reflective coatings for lenses in spectacles and telescopes 

• Proton-exchange in fuel cells: the membranes allow for protons to pass through it, 
while keeping the reactants separate. 

Separation processes based on membranes need membranes that allow for enhanced 
chemical selectivity by predetermined pore sizes and shapes. They should be easily tunable 
by subjecting it to an external stimulus. However, the membranes need to be thin enough, 
preferably in the nano thickness range. It’s difficult to achieve this. Even if the desired 
thickness is attained, their robustness remains questionable. A nano thin membrane that 
breaks down or degrades easily serves very little purpose. Also, the thinner the membranes 
get, the tougher it gets to tune them according to our needs [13]. 
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In RO, solvents move through the membrane with application of a pressure in the range of 
10 Bar and above. Nanofiltration membranes are used to remove particle sizes smaller than 
2nm, with the applied pressure being in the range of 5 to 20 Bar. In ultrafiltration (UF), 
particle sizes between 2 nm and 100 nm can perfuse with pressure being 1 to 5 Bar. Particle 
sizez upto 500 nm can be filtered out using microfiltration. The external stimulus (pressure) 
allows us to fine tune to properties of the membrane and allow for selective separation [14]. 

Great strides towards development of better membranes have been made to date, and yet a 
lot remains to be done. More robust membranes that last long and don’t degrade under 
chemical or physical pressure need to be synthesized. Over the years, synthetic self-
assembled membranes based on block copolymer systems have gained a lot of popularity. 
Polymer membranes still remain the most researched, but various other materials have also 
been successfully synthesized. Every new method offers a new advantage, but also carries 
certain drawbacks. The next few sections focus on these newer approaches, their 
advantages and disadvantages.  

2. Self-assembled membranes based on Polymers 
Polymer membranes are the most commonly used membranes right now. They are great 
substitutes for lipid membranes. They provide good mechanical support and they can also 
be combined with other materials like other polymers, proteins, etc. They are used in 
industries for separation of gas, reverse osmosis (RO), ultrafiltration (UF), nanofiltration 
(NF) and microfiltration (MF). They are also used in fuel cells [15]. They are generally 
composed of a single monomer type, but are often combined with other polymers to 
enhance and fine tune properties like strength, pore size and distribution, hydrophilicity, 
etc. The membranes created can be non-porous or porous. In the non-porous case, the 
membranes form a mesh-like structure (fig. 5). There aren’t any predefined passages for 
materials to pass through them, and hence they diffuse through it. The density of the mesh 
can be adjusted as per need and thus the size of the particle that passes through it can be 
manipulated. Denser the mesh, smaller will be the size of particles that can pass through it. 
In the porous case, the membranes form designated pores and only through these pores can 
the materials pass through. By choosing suitable constituents for membranes, the pore sizes 
can be manipulated.   
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   (A)      (B) 

Figure 5  (A) Mesh structure (non-porous): There are no defined paths for the material to 
move through. It diffuses through the structure. (B) Porous structure: Cross section of 

porous polysulfone membrane. The material moves through these well-defined networks 
of pores. Image obtained with from ref.[16] and [17] with permission from ACS and 

Elsevier, respectively 

 

2.1 Separation of phase in block-copolymers 

When two or more different monomer units combine together and form the repeating unit 
of a membrane, then the membrane generated is called a block-copolymer. They are 
bonded covalently to each other. Since each monomer will have its own properties, 
combining them together to form a block-copolymer can give rise to various other 
interesting properties. The individual monomers have significantly different polarities, 
hydrophilicity and hydrophobicity. They remain separate on the nanoscale, but do not show 
bulk separation. They can give rise to various structures like the cylindrical, spherical, 
gyroidal and lamellar structures by changing the relative lengths of each block [18,19]. The 
molecular weight of the block-copolymer can also be easily maintained. When put in a 
suitable solvent at low concentration, the repeating units arrange themselves into a 
spherical micelle-like structure or thin lamellar membrane structure, much like the 
phospholipids [20,21]. 

2.1.1 Phase separation in thin films 

As mentioned before, the phase separated regions lie in the nanometer range. This can be 
advantageous in the formation of thin film membranes. Since the two blocks have different 
properties, the best morphologies arise when the two different ends of the membranes are 
connected. Thus, gyroidal, cylindrical and lamellar morphologies arise [23]. These 
morphologies lead to formation of very distinct pores, like the shape of an upstanding 
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cylinder (Fig. 6). The number of pores and their sizes can easily be tuned by using different 
blocks, thus giving us the flexibility to tune the properties of the membrane. But there’s a 
problem. The pores aren’t empty. The polymer itself occupies these pores. The pore being 
blocked effectively renders the membrane useless. The question to be asked is what good 
can a membrane with blocked pores do.  

 
 

Figure 6  Change in morphology as a function of the volume fraction of the polymer 
present (This figure is for the case of PS-b-PI copolymer). HPL stands for hexagonally 

perforated layer structure. Image obtained from ref.[22] with permission from ACS. 

 

Selective solvents are used for such cases (fig. 7). A solvent selective for cylindrical phase 
would cause it to swell up and expand. This creates a gel phase filled with solvent having 
a fixed mesh size in the case of a non-porous membrane. If only solvent can pass through 
the mesh, then this acts as solvent purification membrane. Choosing appropriate molecular 
weight and block ratio would create a highly entangled, dense and strong enough mesh 
structure. To open up the pore, solvents that affect different blocks differently are chosen. 
Since the blocks are different from each other, their reaction towards the solvent would 
also be different. The blocks would swell and shrink differently, this opening up the pore. 
For e.g. polystyrene-b-polyvinylpyridine (PS-b-P4VP) have blocks that have different 
selectivity for water. Water is more selective towards P4VP and less towards PS [25]. The 
PS phase hardens and solidifies, whereas the P4VP shrinks to a much lesser extent. This 
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leads to opening up of cylindrical pores, while the morphology remains the same. The pore 
is still smaller than the expected size since the polymer still occupies it, but it is much more 
opened up as compared to before.  

 

Figure 7  Swelling of PDMS in various selective solvents. A suitable solvent thus can be 
induced to induce different degrees of swelling. Image obtained from ref.[24] with 

permission from Elsevier. 

 

This approach of using selective solvents is preferred because of the following advantages: 

• No chemical reactions involved 

• No weight loss 

• Pore formation can be reversed 

• High pore regularity 

The problem isn’t completely solved though. Overall porosity still remains low, around 20-
30%. This is mainly because of the non-permeable components that provide structural 
stability to the membrane. Making more structurally sound membranes would involve the 
usage of rigid non permeable components, leading to low porosity. To attain high porosity, 
we would need to use less rigid and more permeable components, but then the membrane 
becomes structurally weak. 

In the above two methods, the overall structure remained the same. However, it is also 
possible to use decomposable components as the minor structure. The minor phase can be 
selectively removed later, thus opening up the pores that were previously occupied by the 
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block. For e.g., Degradation of polylactide using water or polydimethylsiloxane (PDMS) 
using tetrabutylammonium fluoride leads to formation of gyroidal, cylindrical and lamellar 
structures. The non-decomposing block can be additionally stabilized as well [26–28]. 

1,2-polybutadiene-b-polydimethylsiloxane has been used to make nano porous materials. 
1,2-polybutadiene is cross-linked and then degraded using the polydimethylsiloxane. To 
attain different morphologies, the cross linking is performed at different temperatures. 
Although the structures are locally well-ordered, attaining large order still remains a 
challenge. The most common morphologies are cylindrical and gyroidal because of the 
phases that span the entire membrane. A spherical phase, although possible, does not offer 
a lot of possibilities. It was attained by Sivaniah et al though by forming PMMA spheres 
in the PS matrix using PS-b-PMMA. For PMMA, Acetic acid was used as the solvent, 
whereas PS was used to create the semipermeable blockage towards it. Dipping the entire 
film in acetic acid results in the systematic burst of the spheres, due to collective osmotic 
shock (COS), leading to formation of pillar-like structures [29].  

2.1.2 Nanostructures based on solutions 

Amphiphilic materials have both hydrophobic and hydrophilic ends. Using amphiphilic 
polymers, interesting morphologies like the ones mentioned below can be generated (fig. 
8).  

 
                               (A) 

Figure 8  Different types of micelle morphologies (a) Spherical micelle (b) Inverted 
micelle (occurs in non-aqueous solutions) (c)Normal Hexagonal (d)Reverse Hexagonal 

(e)Lamellar (f)Vesicle. Image obtained from ref. [30] with permission from Elsevier. 
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Phospholipids are of interest to us, apart from the reason that they form the membranes for 
cells and organelles, because they can also arrange to form spherical vesicles. The interior 
of the vesicle remains shielded from the surroundings, owing to the structure of the 
vesicles. This can be extremely useful in drug delivery, where the drug needs to be 
delivered to designated sites [32]. This has been effectively used for delivery of poorly 
water-soluble anticancer drugs. For a long time, the treatment of cancer relied on water 
insoluble drugs. They had a short circulation time in the body, which made their use in 
chemotherapy very difficult. The hydrophobic end of the micelles attaches to the drug, 
whereas the hydrophilic ends protrude away from it. The drug remains protected from the 
effects of the environment.  The drug remains in the bloodstream for a longer period of 
time, thus enhancing its effects on the tumour cells [33]. Paul Ehrlich won the Nobel Prize 
in 1908 for physiology and medicine for envisioning the concept of targeted drug delivery 
system, which he coined as the “Magic bullet”, much akin to a bullet hitting its target [34].  

 

 

Figure 9  Phase difference in PS-b-PSL polymer when annealed for 72 hours at 100oC 
and 120oC. Thus, phases are highly dependent on the temperatures at which they are 

prepared. Image obtained from ref.[31] with permission from Elsevier. 

 

Polymers are chosen as the preferred medium because they have many responsive 
properties like pH, temperature, ionic strength, etc. (fig. 9). They hold great importance in 
the field of medicine, pharmacy and bio-technology. They are used to form synthetic tiny 
hollow spheres, called polymersomes, that contain a solution, analogous to the micelle 
vesicles. Biodegradable polymers have been used for loading and delivery of drugs (fig. 
10). They break down in acidic environments, thus releasing the drug on the designated 
target [35].  
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Different types of polymersomes have been synthesized using polymers bonded with 
ethylene glycol. Various responses like temperature, ultrasound, electrostatic forces, pH, 
redox potential, light and hydrogen bonding are used to break the polymersomes when they 
arrive at the target. Phospholipids can be used to form lamellar structures by placing them 
on a supporting material. Polymersomes, being extra stable, can pose a problem too. They 
don’t break down and spread easily upon reaching the substrate.  A high osmotic pressure 
is created using surface tethering techniques and a high concentration of salts to burst open 
polymersomes.  

      

Figure 10  Drug delivery using polymersomes. Different regions of the polymersome can 
be used to protect different types of drugs from degradation. Image obtained from 

ref.[36] with permission from Elsevier. 

 

Micelle membranes can also be formed by block copolymer. Thin films of PS-b-P4VP 
micelles were formed by Nunes et al. PS forms the core and is surrounded by P4VP to form 
the film. Transition metal ions are used as coordinating materials. They also provide 
additional stability for easy handling. The PS-b-P4VP structures and morphologies have 
strong susceptibility towards pH. Thus, in this case, pH is the stimulus to control the 
membrane structure (fig. 11). 

2.1.3 Other approaches 

Above-mentioned processes involved a templating approach in which one of the polymers 
could be removed or modified such that pores would open up. This method serves the 
purpose well, but there are other possibilities as well. A homopolymer can also be used in 
combination with other templates. The templates can be taken out later on since they are 
not bonded to the polymer. A variety of polymer and inorganic materials can be used. They 
don’t necessarily need to be removed. Colloidal crystal lattices can be generated. These 
lattices show long range order and good porous structures. Cheng et al created one such 
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colloidal structure. Polystyrene microspheres were used on a solid support in combination 
with PDMS or a polyurethane precursor to fill the voids (fig. 12). [38].  

 

 

Figure 11  For PS-b-P4VP (A) pH dependent difference in size and assembly. (B) Image 
produced using Cryo-FESEM (C) ESEM analysis of membranes from solution in DMF–
THF–Cu(acetate) 2, treated with highly acidic and basic solvents. Image obtained from 

ref.[37] with permission from ACS. 

 

Figure 12  Polystyrene microspheres. Image obtained with permission from ref.[39]. 

 

A stable polymer matrix was made by suspending the substrate upside down. The 
microparticles expose to the surface depending on the annealing times and temperatures. 
The PS microspheres were later on removed by dissolving them into toluene. Pores with 
different sizes can be obtained depending on the exposure of the particles to the surface. A 
similar approach can be used in case of SiO2. They can be dissolved in HF or other colloid 
susceptible solutions.  
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Solvent templates provide the advantage of just evaporating them and forming a stable 
matrix with defined voids. Another technique that has garnered attention is the “breath 
figure” technique. Water droplets are used as templates to form porous films. A polymer 
solution is cast on a substrate and treated with humid air (hence the name “breath”) The 
polymer solution is evaporated, leaving behind a cooled surface. Water vapour droplets 
liquify on the surface and arrange themselves in a hexagonal array due to the capillary 
force. Hexagonally arranged pores are obtained after the total evaporation of the solvent 
(fig. 13) [40].  

   
 

Figure 13  Working principle of the Breath Figure Technique. Image obtained from 
ref.[41] with permission from MDPI. 

3. Self-assembled membranes based on particles 

A colloidal crystal is an ordered arrangement of colloidal particles, similar to solid crystals, 
that are suspended in a solvent. Their properties depend on sizes of constituent particles, 
the packing arrangement and the degree of regularity. An example of colloidal crystal is 
opal. Colloidal crystals can be used to form membranes by using organic and inorganic 
materials.  In the previous section we saw them being used as a template. However, 
colloidal crystals can themselves be used to form a fine porous structure. The voids 
between the colloidal crystals act like a well-connected network of pores (fig. 14). Nano 
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and microparticles of silica have been used to form such types of structures. Silica is 
preferred because its surface can be easily functionalized using charged coatings, with 
cross-linking materials for extra stability. Such charged colloidal systems have been put 
into use to synthesize ion-transport membranes. These membranes are responsive to stimuli 
like pH and ionic-strength of the medium [42]. 

 

 

Figure 14  Colloidal crystal (a) Si 1 lm, (b) Si 2 lm, (c) Si 3.7 lm, and (d) Si 5 lm. The 
gaps between the arrangement are well connected and act like a passage for materials to 

pass through. Density of the arrangement determines the size of the particle that can 
move through the colloid. Image obtained from ref.[43] with permission from AIP 

publishing. 

 

Proteins can also be considered as particles. As compared to inorganic particles that need 
coatings to enhance their reactivity, proteins already have exposed amino acids to provide 
the necessary reactivity. Protein based membranes that showed ultra-fast permeation of 
water through it have been synthesized. Glutaraldehyde, owing to its double aldehyde 
groups, was used to crosslink two proteins where lysine residues provided the accessible 
amine groups. Peng et al used ferritin to form such a membrane. Ferritin was first mixed 
with nano strands of cadmium hydroxide. They acted like confinement structures during 
the deposition [44]. The proteins, now immobilized, were then crosslinked using 
glutaraldehyde. The nano strands were removed after the crosslinking was finished. A 
membrane with channel diameters 2.2 nm and thickness between 25 to 4000 nm was 
generated, depending on the amount of deposition solution. 
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Viruses have also been used to form functional membranes. Viruses can also be treated as 
particles because when outside of a living body they barely show any living traits. They 
behave a lot like colloidal particles, by stabilizing the polar-non polar fluid surfaces. This 
was first put into effect by Pickering to stabilize emulsions, but the same concept can be 
extended towards structures containing protein (fig. 18). The particles get adsorbed on the 
surface, making water-particle and oil-particle interactions favourable than water-oil 
interactions and thereby minimizing the interfacial energy [45].  For e.g., Cowpea Mosaic 
virus particles were used to stabilize emulsions containing protein in them. Glutaraldehyde 
was then added to this emulsion to crosslink the proteins and form a membrane like 
structure surrounding the oil droplet [46]. Hollow virus particles offer a large range of 
possibilities since they can act as nano-containers. 

Semiconductor nanoparticles and FePt-nanoparticles that can be crosslinked have also been 
used to form capsules and planar membranes. Terpyridine ligand has an affinity for Fe(ii). 
Dispersible particles of toluene and an aqueous solution of Fe(ii) tetrafluoroborate was 
used. Water was then added to the dispersion leading to the production of aqueous capsules. 
Using the bulk separated system of toluene and water yields planar membrane [47]. 
Additionally, FePt has magnetic properties that can be used to separate the capsules (fig. 
15). 

   

Figure 15  (a) Formation of Fe-Pt nanoparticles colloid at the water toluene interface. 
Cross-section shows nanoparticle arrangement formed by the ligand with Fe (II) 

tetrafluoroborate hexahydrate salt. (b) Formation of Fe-Pt membrane at the water-
toluene interface. Image obtained from ref.[47] with permission from ACS. 
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Figure 16  (A) Working of drying mediated assembly (B) TEM analysis shows a 
hexagonal array (C) White circle shows a small mesh where three particles join. Image 

obtained from ref.[49] with permission from ACS. 

 

Recently, a self-assembly process mediated by drying was used to produce ultra-thin 
colloidal nanocrystal membrane [48]. Au, Fe/Fe304, CoO and capping ligands like oleic 
acid, oleylamine and dodecanethiol, were used to form closely packed monolayer 
membranes by placing a water droplet on porous Si3N4 and then covering it with an organic 
droplet containing the nanoparticles. The solvent was then evaporated, leading to formation 
of a densely filled coating at the interface. When the liquids evaporate, a single layer of 
nanoparticles covering the base is left behind (fig. 16). 

 Using particles provides an easy and straightforward way to form new membranes. As can 
be observed, a lot of the breakthroughs were discovered from materials that are already 
known to us. They were also not very complex particles. Creating new particles to form 
novel membranes isn’t the only way to move ahead. We need to look at materials that 
already exist with a fresh vision. Who would’ve thought viruses could possibly be used in 
membrane synthesis? A different perspective to look at existing materials and a proper 
method to utilize them would surely be helpful in developing membrane science! 
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Figure 17  The top image shows the extension in length of the FhuA and the bottom 
image shows the non-extended FhuA within triblock copolymer PIB 1000 –PEG 6000 –

PIB 1000 membranes. Image obtained from ref.[58] with permission from BioMed 
Central ltd. 

 
 

Figure 18  Illustration showing the formation of a Pickering emulsion, affected by the 
amount of cyclodextrin. Kass and Ks are the binding and solubility constants, respectively. 

Image obtained with permission from ref.[65]. 
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4. Self-assembled membranes based on small molecules 

Molecules that exhibit various interactions like hydrophobicity, π stacking, hydrogen 
bonding, electrostatic interactions and weigh less than 1.5kD can self-assemble and form 
complex architectures, phospholipids being the most well-known example. Several other 
molecules have been explored and synthesized to form membranes. They not only form 
bilayer membranes, but can also be formed into a fibrous structure. When these fibrous 
structures are confined into a dense region, they get tangled up and form a mesh like 
structure. These structures can be used for filtration of nanoparticles.  

Phospholipids have been an inspiration in the synthesis of novel membranes, cyclodextrin 
being one of the examples. Cyclodextrin is a cyclic molecule made up of single glucose 
moieties. The variants, α-CD, β-CD and γ-CD arise when 6-, 7-, 8-glucose moieties are 
joined in a ring-like structure. One side was substituted using chains of aliphatic nature and 
the remaining with hydrophilic nature. This structure gets self-assembled into a structure 
similar to phospholipids. CDs have generally been used to make artificial enzymatic 
structures. Since CD has hydrophobic ends in its inner space, it can easily bind with other 
hydrophobic structures like adamantane. 

Azobenzene exists in the form of trans and cis isomers. Irradiating with UV light causes it 
go from the trans to cis configuration. Thus, it is like a molecular switch. Ravoo and 
coworkers used this property to reversibly bind the azobenzene structures. This type of 
binding nature has been used to prompt reversible processes like aggregation of inter-
membrane, complexing of Proteins and DNA [50]. This system corresponds to a 
phospholipid very well and thus creating planar membranes using them should be possible. 
Such membranes would have reversible binding, where the CD molecules act like pores. 
Molecular gelator species have been designed using the amphiphilic character of 
aggregation. Two perylene units were connected using bipyridine bridges. These structures 
show hydrophobic and π bonding, and therefore undergo stacking [51]. Attaching an 
ethylene glycol chain on both sides led to increase in solubility and rendered the structure 
an amphiphilic nature. When it was put in a Water-THF mixture, the composition self-
assembled itself into a fibrous arrangement. A gel having a mesh like structure was 
obtained. The obtained structure was mechanically robust as it was easy to transfer it onto 
a macroporous structure by simply filtering the solution on a syringe filter. The molecular 
membrane was used to filter an aqueous solution of nano gold particles. It allowed gold 
particles between the size of 1 to 5 nm to pass through it, and rejected the bigger sizes.  
Everything larger than 5 nm was stuck in the membrane. It was also very easy to obtain the 
larger particles from the membrane. The filter was washed with water and ethanol mixture. 
The particles and membrane matrix both got dissolved and later collected. A water 
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dichloromethane partition can also be used to separate the particles and the gel. This leaves 
the gel unaffected and it can be used for another filtering process [52]. 

Complementary structures can also be combined and used to form fibrous structures. 
Membranes can be obtained from these structures by mixing two solutions containing the 
complementary structures or by using the solutions alternatingly, like in the case of layer-
by-layer deposition of polyelectrolytes. If the aggregation is fast enough, it's not even 
necessary to have two different interfaces like oil and water, just water-water works fine. 
A fibrous structure was formed by mixing amphiphilic aqueous solution of small 
polypeptides with aqueous solution of hyaluronic acid. The membrane can be spherical or 
planar depending upon the incubation time or the concentration of the acid [53].  

The membranes obtained in the previous cases produce thick membranes. Phospholipids 
and the CD case produce about twice as wide membranes as compared to the length of 
molecules. A-B-A membranes are one particle wide, however length of the polymer is 
quite long resulting in a membrane in the range of a few nanometers. Gölzhäuser and 
coworkers further stretched this limit and produced a 1 nm thick membrane. Using a gold 
substrate, they used the self-assembly of biphenyl containing thiol to produce a monolayer. 
Exposing it to electrons with energy in the range of 102 eV and 0.05C cm-2 crosslinked the 
monolayer. A PMMA resist was used to detach the membrane from the surface. The mica 
subphase was dissolved using HF to expose the gold layer. The gold layer was then 
removed by etching with I2/KI.  The PMMA resist was removed using acetone, thus 
producing the monolayer. Functionalization of both sides of the membrane with fluorescent 
dyes was performed using isothiocyanate and maleimide-functionalized dye [54]. 

The membranes formed in the above-mentioned cases are generally very thick. Thicker 
membranes are difficult to handle and isolating a free thin membrane from is a big problem. 
Moreover, higher flux and pressure need to be applied on thicker membranes to make them 
work. 

5. Membranes based on hybrid materials 

Hybrid materials are composite structures formed by combining organic and inorganic 
constituents at the molecular or nanoscale. They offer an exotic way of forming novel 
functional materials. Inorganic, bio and polymer materials having suitable properties are 
covalently combined. In membranes obtained via hydrophobic interaction, as in the case 
of polymersomes, it is difficult to generate pores whereas in block-copolymers, defined 
cylindrical pores can be obtained and removed. Polymersomes are responsive towards 
temperature and pH when the hydrophobic phase is responsive and the membranes become 
less densely packed. However, doing this disrupts the membrane structure. The pore sizes 
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get varied. Thus, a well-defined pore structure needs to be introduced.  Nanometer proteins 
can be ideal candidates for these. They exist in various well-defined 3D structures, pore 
sizes and are very reactive towards stimuli [55]. Some well-known building blocks are viral 
particles (like CCMV, TMV), β-barrel proteins (like OmpF, FhuA, Tsx), cage-proteins 
(such as ferritin), and ion selective helix bundles.  Protein structures suffer from certain 
drawbacks though. They are highly reactive and thus unstable. Their structures are not 
completely understood. They often suffer a mismatch in size when combined with other 
materials. Their template synthesis is neither easy nor very cost effective [56,57]. 

Channel proteins like FhuA, α-hemolysin, OmpF and aquaporin, are attractive candidates 
in membrane synthesis. They can be used to make pores that are selective towards size, 
specific ions and molecules. These pathways are very useful in maintaining cellular 
passages and are used in phospholipids for very specific purposes. As mentioned before, 
block copolymer membranes are very similar to phospholipid membranes. Incorporating 
channel proteins for translation will be a major development for applications in medicine 
and industry. Polymersomes are expected to be stable and impenetrable by smaller 
molecules so that the entire flow can be conducted through the pores while withstanding 
the osmotic pressure. The proteins also need to be compatible with polymer membranes 
even though their hydrophobic regions in biological membranes are a few nanometers 
thinner. This difference in thickness leads to the usage of functional proteins inefficiently. 
The hydrophobic part of the membrane thus needs to be thinned out, or the hydrophobic 
zone of the pore-protein should be thickened. Reduction of the membrane width would 
decrease its stability and robustness. Therefore, the size of the hydrophobic region of the 
pore protein seems like a viable option. This can be achieved by protein engineering and 
gene synthesis. For e.g. The hydrophobic region of FhuA has been stretched by 1 nm by 
adding 5 more amino groups in all of the 22 β-sheets that constitute the β-barrel protein 
[58]. Although the increase seems small, it accounts for a net 33% extension in length of 
the hydrophobic zone (fig. 15). This lengthening minimizes the incongruity between 
protein and the hydrophobic region of the polymer, leading to a better usage of the protein 
in the polymer membrane in comparison with naturally occurring FhuA channels. Another 
benefit is that the well-defined structure of proteins can be used to add or remove functional 
groups like NH2 and -SH inside the channel. The interior of the channel can thus be 
functionalized by introducing potential pore blockers that can be triggered by a stimulus. 
For e.g., FhuA has responsive triggers like chemical reduction or UV irradiation [59,60]. 
Adding DTT (dithio-threitol) cleaved the dithio-group linker by reduction and calcein dye 
was released. Further studies showed that responsive systems can be of great use in 
medicine and industries. 
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Kaucher et al used a method constituting multi-molecular ingredients. He used a 
determined dendritic molecular structure that self-assembled into a helical structure [61]. 
The boundaries of the structure were synthesized to have a hydrophobic nature to match 
with the hydrophobic nature of lipid membranes, whereas the inside of the structure was 
stabilized by pi stacking. Analysis showed that the channel selectively transports only 
protons and water and rejects other ions. 

Although membranes that self-assemble are very lucrative, they are not always very 
practical. It is difficult to have total control over the pore size, pore location and their 
distribution. The inefficiency of such membranes also is not favorable. However, when we 
combine selective properties of proteins and polymers, the hybrid material thus formed 
offers great ways to form membranes. The protein polymer arrangement can be considered 
like a microgel particle. Interface stabilization or Pickering emulsion can also be used for 
the system (fig. 18). A membrane array is generated with proteins embedded in a polymer 
matrix [62]. As mentioned before, proteins are highly reactive and thus unstable. They get 
denatured upon exposure to conditions like high temperature, pH or chemicals that affect 
the hydrogen bond or disulfide bridges. Thus, they can be easily removed from the structure 
and leave behind a pore.  

Inorganic-polymer membranes can also be generated by following similar approaches. 
Silica in combination with a polymer was used to develop elastic and nano porous 
membranes using the Langmuir–Blodgett techniques at the liquid-air interface [63]. The 
polymers then crosslinked and the silica was dissolved away by suitable agents, leaving 
behind the desired membrane. Pickering emulsion templating can also be used to form 
spherical membranes [64]. The same inorganic template method was employed to form a 
3D membrane or microcapsules. The microcapsules are formed using adsorption of 
polyelectrolyte multilayers using alternating electrostatic adsorption. Most approaches use 
an inorganic template that is insoluble in water that gets removed after the formation of a 
capsule to form membranes that are hollow or planar. The process however suffers a major 
drawback. There is no control over the pore sizes. Removing the template also requires the 
usage of strong chemicals like HF. This means that large industrial production of such 
membranes isn't viable. Also, other delicate molecules can't be added to the mixture due to 
the presence of these strong chemicals.  

Additionally, for convenient handling, the membranes need to be put on substructures. For 
solution-based systems where pressure is applied, a porous substrate of inert nature is 
needed for a sub-phase. Generally, a free-floating film is prepared and then the membrane 
is lifted and placed onto the support. Otherwise, the Langmuir Blodgett technique is 
followed where the substrate is vertically pulled through the water-air interface. For the 
previous case of the membrane-particle system, the water droplet on which the membrane 
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was formed was gradually dried. As the water evaporates, the membrane gently gets placed 
on top of the substrate. Goedel and co-workers used a hierarchical build up technique. They 
first prepared a porous substrate by micro-sieve preparation. The polymer-nanoparticle 
membrane prepared in the water-oil interface was then lowered onto it, subsequently 
followed by removal of the water phase. A porous and mechanically stable membrane was 
thus obtained. Table 1 briefly summarizes the ideas presented in this chapter. 

Table 1  A summary of all mentioned methods, their advantages and disadvantages. 

Method General idea Advantages Disadvantages 

Thin film phase 
separation 
(polymer based) 

(1) Two or more monomers are 
covalently bonded to each other, 
each having different properties. 
 
(2) Different morphologies arise 
due to difference in properties 
 
(3) Monomers remain separate on 
nanoscale, but don’t show bulk 
separation.   
 
  

(1) No chemical reactions 
involved 
 
(2) No membrane weight 
loss 
 
(3) Reversible pore 
formation 
 
(4) High pore regularity 
 
(5) Different 
morphologies are possible 

(1) Pores created aren’t 
empty. They need to be 
opened up by other 
techniques. 
 
(2) Overall low porosity, 
~20-30% 

Solution based 
nanostructure-es 
(polymer based) 

(1)  Amphiphilic materials 
(materials that have both 
hydrophobic and hydrophilic ends) 
are used to form different 
morphologies. 
 
(2) Particles of interest (e.g., drugs) 
are enclosed inside these 
morphologies, thus preventing its 
degradation. 

(1) Useful in medical and 
biotech for drug delivery. 
 
(2) Responsive to many 
stimuli like pH, 
temperature, pressure, etc.  

(1) Difficult to bust open 
the micelle structures at 
the target site. 
 
(2) High osmotic 
pressures are needed to 
break them. 

Other approaches 
(polymer based) 

The templating material need not 
be necessarily removed. Materials 
are chosen in a way such that, 
regardless of whether or not they 
get removed in the end, the 
membrane works perfectly fine. 

(1) Involves lesser work 
since the template need 
not be necessarily 
removed. 
 
(2) If need be, the 
template can be removed 
using simple processes 
like evaporation. 

(1) Polymers in general 
are non-biodegradable 
materials. They need to 
be carefully disposed of 
after use. 
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Self-assembled 
membranes from 
particles 

(1)  Colloidal systems are used to 
form membranes. 
 
(2) The gaps between the colloidal 
particles acts as the pores 
 

(1) Particles can be 
organic or inorganic, like 
viruses, semiconductor 
nano-particles. 
 
(2) Possibility of creating 
new functional particles 
 
 

(1) Developing new 
particles is not an easy 
task. 
 
(2) Conventional 
particles, like proteins, 
are susceptible to stimuli 
and degrade easily. 

Self-assembled 
membranes from 
small molecules 

(1) Molecules that weigh less than 
1.5kD can combine by different 
interactions and form porous and 
non-porous structures. 
 
(2) Bilayer membranes or a fibrous 
network can be obtained and used 
for filtration purposes.  
 

(1) Self-assembly by 
interactions like hydrogen 
bonding, π stacking, etc.  
 
(2) Binding can be 
reversible in some cases 

(1) The membranes are 
generally very thick and 
obtaining a thin slice is 
difficult 
 
(2) High pressure and 
flux are needed to make 
them efficient 

Membranes from 
hybrid materials 

(1) Particles having different 
advantageous properties are 
combined to form membranes 
 
(2) A very exotic yet promising 
technique. 

(1) Task specific 
membranes can be made, 
for e.g., membranes for 
proton and water 
transport. 

(1) Difficult to control 
pore size, location and 
distribution 
 
(2) Low efficiency 

 

6. Applications 

Above discussed methods offer exciting new ways for membrane synthesis that can have 
potential applications. Being able to fine tune pore size, shapes and distribution offers a 
great way to form membranes that offer higher chemical selectivity. Higher chemical 
selectivity would enable it to filter and block out very specific materials, thus making use 
of membranes in niche cases possible. Their applications are also possible in the field of 
medical physics and biotechnology. Controlled release of drugs using external stimuli 
being one of the applications. As mentioned before, in chemotherapy target specific drugs 
can directly affect the tumour cells. They remain for a longer time in the bloodstream, and 
thus their efficiency increases. The membranes should ideally be thin so as to achieve a 
good amount of flux at lower applied pressures. In this regard, block copolymers offer a 
lot of possibilities. Their pore size and distribution are tunable [66]. Thin film membranes 
can be obtained using block copolymers. Thus, they show a lot of potential in water 
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purification applications. However, to make them good candidates for use in industrial 
purposes, we need membranes that have a large surface area. Industries depend on the bulk 
production of goods. For bulk production to be profitable, it needs to be large, reusable and 
long lasting. Although some membranes have been developed with areas in the cm2 regime, 
most lie in the mm2 area regime. Producing membranes with large surface area still remains 
a challenge. Ultra-thin membranes often need a good porous support that doesn't interfere 
with the membrane structure. Thus, development of support materials is also important as 
well. 

  

Figure 19  Flowchart showing scaffold tissue engineering. Image obtained from ref.[69] 
with permission from MDPI. 

 

Industrial applications of self-assembled remains a far-fetched dream, but there are some 
areas where the small size membranes are useful. Drug delivery and biosensors are the 
fields that do not need large or bulk membranes. Engineering protein channels into lipids 
and polymers membranes seems to be the way to go ahead. It is possible that self-assembled 
membranes remain applicable only for small scale purposes. This isn't necessarily a bad 
thing. Households need water purifiers mostly to serve a single family. Medical science 
needs membranes to be small. The membrane needs to do a specific job and it being small 
would be advantageous in serving its purpose.  

Biosensors can be synthesized using polymers. Biomolecules that react to certain stimuli 
are embedded in a polymer support. The stimuli may be a physical stimulus or another 
biomolecule.  The response to the stimuli could be something like a change in fluorescence. 
The most common biosensing membranes have polymer bilayers with protein embedded 
in them. The protein plays a crucial role in the sensitivity and selectivity of the membranes. 
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For e.g., α-Hemolysin (α-HL) embedded in the membrane is used in DNA sequencing.  α-
Hemolysin (α-HL) has a very narrow (1.4 nm diameter) pore, and thus when a DNA strand 
passes through it, it can be detected by the change in ion current for that base. The pore 
being very small can’t be used for larger sequences. The pore size can be altered by 
chemical modification to modify the sensitivity of such membranes. The channel can also 
be modified by using different channel proteins in the membrane. For e.g., OmpF has a 
large channel size and can be used in sensing devices. It is also resistant towards pH, 
temperature and solvents. The large channel size can be increases or decreased on demand 
using a pH switch [67]. 

Interconnect scaling requires the development of materials with dielectric constants lower 
than 2.5. Such materials have been developed by introducing porosity, reducing 
polarizability or both. Self-assembled organic polymers are used to form such materials. 
They effectively have no polar bonds. They exhibit low polarizability even if the porosity 
is low. Smaller pore sizes can easily be engineered. The membranes are resistant to process 
induced damages. They are also resistant to plasma damage owing to their mono 
component nature [68]. 

Fractures like cranial, oral and even large bone flaws are cured using auto and allograft 
procedures. They suffer from various limitations like auto-immune reaction, donor site 
morbidity and unavailability of a donor. Therefore, over the years the field of tissue 
engineering has acquired a lot of interest in the scientific community. Such purposes 
require a 3D. 

It maintains the sites for the cells to connect, grow and function normally as the bone tissue 
grows in size. Molecular and structural biology is applied in combination with materials 
science to form such scaffolds. Bio scaffolds produced by self-assembly are preferred 
because they provide spatial and temporal resolution. Self-assembling peptides that are 
capable of gelation are attractive candidates as they offer a lot of possibilities with minimal 
surgical interventions in bone therapy [70]. 

7. Summary 

Over the past few years, a lot has been achieved in the field of self-assembled membranes. 
Several membranes have been developed that serve the purpose in purification, drug 
delivery and confinement. But, the synthesizing stable, thin and durable self-assembled 
membranes with uniform pores still remains a challenge to overcome. The field is 
garnering a lot of interest because of the affordable preparation, self-structural 
maintenance, tunable properties and the ability to create compound materials. Polymers 
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and nanoparticles appear to be the most promising candidates for self-assembled 
membranes. 

However, composite materials also offer a lot of benefits. Polymers provide the required 
stability, flexibility and elasticity to the membrane. Combining with nano particles that 
provide high chemical selectivity, pore size control, catalytic activity, etc. Nanoparticles 
can be organic, inorganic or based on proteins. It is believed that most of the functional 
membranes that will be developed in the future will constitute of the above-mentioned 
materials. It isn't necessary to develop never seen before materials. Materials that exist right 
now could very well serve our purpose in the future. A renewed vision and better 
techniques need to be developed. Even with all the achievements and difficulties that exist, 
there is still a plethora of possibilities in membrane science.    
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Abstract 

Porous membranes have several uses in separation technology. This chapter basically 
explored various fabrication routes of different types of porous membranes and their 
applications in industrial and biomedical fields. The urgent need of a low cost perfect 
membrane needs to be optimised with good mechanical strength, chemical resistance, and 
thermal stability. This chapter focuses on producing porous polymeric/ceramic membranes 
with nano/submicron holes using block copolymer self-assembly, track etching, 3D 
printing, nanoimprinting, lithography, and electrospinning, etc. Porous polymeric/ceramic 
membranes are used in separation techniques in various industries, drug administration, 
bioseparation, and biosensing. The effect of membrane material, pore shape and size 
towards the membrane performance for various technological challenges are thoroughly 
discussed. 
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1. Introduction 

Research progressed on porous membranes is one of the critical importance in the 
development of science and innovation. Porous membranes have promised tremendous 
potential in industrial and biomedical applications, because of their primary adaptability, 
flexible surface science, and bio-compatibility. Recently porous polymers have drawn 
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tremendous research interest due to its various applications, including gas 
adsorption/stockpiling, detachment, catalysis, ecological remediation, energy, 
optoelectronics, and wellbeing. Ongoing years have seen enormous exploration leap 
forwards in these fields on account of the remarkable pore structures and flexible skeletons 
of permeable polymers. Although there are various research articles are available, 
explaining characteristics, fabrication and its potential applications in biological and 
biomedical fields. But most of them have put their interest in a specific technique and its 
application based on that technique. In this particular chapter, we try to cover all the 
synthetic procedures available for the preparation of porous membranes out of polymers as 
well as ceramic materials.  

Porous materials consist of a strong framework with characterized openings or pores which 
have pores of different size from 2 nm to 20 mm [1]. The partition of solutes by permeable 
membrane (PM) is principally a component of sub-atomic size and layer pore size 
dispersion [2]. These layers are utilized to segregate colloidal particles or huge subatomic 
solutes out of solvent. High separation may be acquired when the size of the dissolved or 
dispersed material (molecules or small particles) are moderately bigger than the pore 
diameter of the membrane. Utilizing the definition of pore size as embraced by the IUPAC, 
the PMs are classified based on their pore size. Pore size having 50 nm or more is named 
macroporous, pore widths somewhere in the range of 2-50 nm are grouped as mesoporous 
materials. Membrane with normal pore widths somewhere in the range of 0.2-2.0 nm is 
named microporous. If the pore size is less than 0.2 nm, layers are categorized as nonporous 
membranes. Based on the membrane architecture, membranes can be categorized as 
symmetric as the pore diameter does not fluctuate from any cross sectional view. A wide 
scope of inorganic materials, for example, metals, glasses, ceramics, or natural including 
various classes of polymers can be utilized to create porous membranes. The material 
choice also, pore size of the membrane rely upon the application for which it would be 
utilized. 

Since the last two decades, polymer membrane fabrication technique has improved 
drastically. The first portion of this survey gives a concise summary of various fabrication 
techniques for polymeric based membranes. These techniques incorporate various 
methodologies, for example nanoimprinting and track etching based on top-down 
approaches and block-copolymer self-assembly and electrospinning on bottom-up 
approaches and the second portion of this survey covers numerous applications. 
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2. Different fabrication techniques 

This section depicts the most commonly used methods for making porous polymeric 
membranes, including track-drawing, nanoprint lithography (NL), 3D printing, block-
copolymer self-assembly and electrospinning.  

2.1 Nanoimprint lithography(NL) 

Nanoimprint lithography (NL) is the most unique well-known sensitive lithography-based 
methodology for producing permeable polymeric membranes. This lithography technique 
became well-known for its tremendous potential for growth because of simplicity, as well 
as the time effectiveness and low cost. It's a technique where a template is pressed against 
the opposing layer which is basically distorted on a substrate, i.e. a metallic surface or a 
silicon wafer. Mould fabrication is the best fundamental factor, since the precision and 
composition are essential in defining the structure, i.e. engraved polymers. Two of the most 
widely used nanoimprint lithography techniques are thermal nanoimprinting (TNL) and 
photo nanoimprinting (PNL) [3]. To create nano and microstructural patterns in a regulated 
way, photolithography, also known as electron beam lithography (EBL), at nanoscale is 
often used to make the master mould. EBL, on the other hand, offers permeable anodic 
aluminium oxide (pAAO) membranes with uniform straight nanochannels that may be used 
as a format to build nanoscale masters since pAAO films exhibit uniform nanochannels are 
very easy to manufacture. Nickel (Ni), silicon (Si), and thermoset polymers are used to 
make master moulds. Because of its flexibility and strength, Ni is the most widely used of 
these materials. A tiny nanoscale master is created for soft lithography by mixing hard 
polydimethylsiloxane (hPDMS) with a PDMS mould, since hPDMS has a considerably 
better resolution than PDMS [4]. Choi and co-workers used a limited adjustable SU-8 
stencil membrane to construct a polymeric double scale nanoimprinting mould [5]. 
Photolithography, from one perspective, included spinning a layer of photoresist (PR) on 
a slice of device material and then PR exposed to UV light through a mask. Thermal 
nanoimprinting, on the other hand, included making microscale openings on the equal 
proportion, mixing a layer of PR and SU-8 layer which is a epoxy based negative layer. 
Thermal nanoimprinting was used to create a PMMA ( polymethyl methacrylate) substrate 
with nanoscale cavities for the next layer. Ultimately, to get a two-layer micro and 
nanostructure layer, a SU-8 film was applied to the PMMA substrate. After UV exposure, 
PUA511RM, an UV curing resin was apportioned against the collected substrate and took 
off utilising an adaptable PC membrane as a supporting backplane, after an extremely 
PDMS thin layer was deposited following that siliconization of the hybrid structure to work 
with the arrival of the last master shape. Lee and coworkers demonstrated the utilisation of 
delicate lithography to adjust the pattern thickness by warming thermoplastic substrate [6]. 
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2.2 Photo nanoimprint lithography (PLN) 

The photo nanoimprinting approach, in contrast to the thermal nanoimprinting method, 
entails emblazoning the perfect instances on a layer of fluid photoresist and relaxing it by 
UV irradiation, that causes the oppose to solidify by causing polymer cross-linking. Over 
the TNL same, the PLN method has a few distinct advantages. It may lead at room 
temperature at first, which avoids problems caused by thermal development differences 
between the resist, form and substrate. Furthermore, the PR is often less adhesive than 
different kinds of polymers, such as PDMS, allowing for a lower imprint pressure to be 
used [7]. Lower viscosity resistance makes it simpler for the liquid to fill the mould cavity 
without the need of suction. Zhou et al. used UV nanoimprinting to produce a polymeric 
membrane with nanoscale holes, using high-thickness PDMS nanopillars [8]. The high 
thickness PDMS nanopillars were supplied by projecting hPDMS from a nanoporous 
pAAO layer. Yanagishita and colleagues have demonstrated a technique for image 
nanoimprinting that produced an extremely uniform pore clusters polymeric pattern of 
about size equal to100 nm by using a Ni nanopillar form, which is made of pAAO 
membrane (Figure 1). Then, the Ni form was loaded with PAK-01 (photopolymer 
monomer) and put on a glass substrate to initiate the polymerisation process in presence of 
UV radiation [9].  

 

Figure 1  (a) SEM images represent the top view of the Ni nanopillars mould, (b) cross 
section, and (c) top view and (d) side view of porous Nickel mould with high porosity, 

reproduced with the permission from IOP Science [9]. 
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The permeable polymeric membrane was carefully removed from the Ni mould, which had 
been pre-treated with a release agent. Despite the previously stated nanoimprinting 
advantages, the manufacturing of free-standing porous membranes is still a challenge since 
an extremely thin layer is often present at the bottom portion of holes. And membrane 
detachment from the substrate may also cause harm to the membrane. To resolve these 
problems, a sacrificial layer is placed in between the polymer and the substrate. Choi and 
colleagues used the UV nanoimprinting technique to create an underlying membrane 
detachment of 10-13 nm holes [10]. A sacrificial LOR layer of about 100 nm thickness was 
spin coated below the resist to make an SU-8 film. Conical holes were created and 
penetrated the sacrificial LOR layer via the film layer (SU-8) Following that, a polymer 
reflow procedure reduced the diameter of a pore to less than 10 nanometers. 

2.3 Thermal nanoimprint lithography (TNL) 

It is a kind of lithography that uses heat to create a thermoplastic polymeric thin layer which 
is maintained onto a strong substrate above its glass transition temperature (Tg) to allow 
decoration of a specified master mould with optimum pressing factor and time and also to 
mollify the layer [11]. At temperatures below Tg, the thermoplastic polymer's protection 
against flexible distortion and the esteem pressure where thermoplastic polymer 
deformation occurs both decrease substantially. Overheating, on the other hand, may 
damage the film [12]. After that, the engraving temperature is decreased below Tg which 
cause solidification of the thermoplastic layer. One of the most noticeable advantage of 
TNL versus PNL is the availability of a broad range of thermoplastics for the former. It's 
also essential to note how easy it is to regulate the thickness and uniformity of these thermal 
supports by spin coating them on a substrate [4]. In thermal nanoimprinting, a hard Ni 
structure is often used as a master shape, specifically for nanopore creation, since 
elastomeric forms, such as those constructed of PDMS, fail to meet expectations. 

2.4 Tracks etching technology (TET) 

Analysts can provide layers with perfectly regulated and consistent pore size, shape, area, 
and thickness using micro and nanofabrication processes based on track etching. The 
procedure's most notable advantage is that TET provides a broad range of pore sizes with 
high densities, starting from nano to microscale, that can be regulated autonomously. 

TET, first described in the 1960s, works by lighting polymers with powerful X-beam 
irradiation, heavy ions, UV light and electrons causing straight damaged tracks to form 
through the exposed polymeric layer. To transfer the damaged tracks into pores, either an 
applied electric field or a wet chemical etching conditions are generally followed [13]. The 
use of heavy ions allows for a wider range of direct energy transfer of track-framing 
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particles, pore channel point circulation, and pore length [14]. A specific single light setup 
includes a magnetic defocusing instrument, a trigger, a sample stack, and an electrostatic 
deflector a detector as shown in Figure 2 [15]. 

 

 

Figure 2  Track etching setup using a single irradiation. reproduced with the permission 
from Beilstein Institute for the Advancement of Chemical Sciences [15]. 

 

To begin, the ion magnetically defocuses and alters such that a single beam of a particular 
frequency of a single beam passes through the aperture. The ion illuminates the stack of 
foils a short time later. The particles are identified by a solid state particle detector installed 
behind the test, and when a single ion is detected, the whole beam of ions are deflected by 
the electrostatic force of the chopper [16]. 

2.5 Other soft lithography methods 

There are a few other types of imprinting techniques outside the two main nanoimprinting 
processes. Le et al. described a unique method for fabricating a porous PDMS membrane 
using two photoresist sacrificial layers (Figure 3).  
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Figure 3  Synthetic procedure of free standing PDMS layers and their top and side view 
in optical and SEM images, reproduced with the permission from Royal Society of 

Chemistry [17]. 
 

This research includes spinning of a positive photoresist layer as a sacrificial layer onto a 
silicon wafer. A very thin Titanium layer was sputtered on the photoresist layer. This 
results in prevention of the intermixing of the first and second photoresist layer [17]. 
Standard photolithography was used to create perfect instances of nanopillars on the 
following photoresist layer. The exterior of the nanopillar displays were then spin coated 
with a PDMS arrangement in hexane. The supported membrane PDMS was etched in a 
mixture of oxygen and sulfur hexafluoride to reduce the membrane thickness and to create 
the pores throughout the layer. Despite the fact, for soft lithography the material like PDMS 
has likely been the most often used because of its flexible surface chemistry, 
biocompatibility, compound dormancy, low cost and biocompatibility [17,18]. Research 
has been going on using different varieties of polymers. Yanagishita et. al. submerged a Ni 
nano array produced out of pAAO layer in monomers of benzoyl peroxide and methyl 
methacrylate arrangement of about 2 wt. percent, then polymerized it for 12 hours at 50°C 
to create a PMMA membrane [19]. After that, acid dissolution with Ni mould results in a 
free-standing membrane. This created membrane exhibited a width of 4.5 m a pitch 
distance of 500 nm, and pore width of 320 nm that were identical to the master mould 
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membrane of pAAO, which had a pitch distance of 500 nm, a thickness of 4.5 m and pore 
width of 300 nm. This small difference in measurement of pore between the two layers e.g. 
(pAAO, PMMA) was believed to be due to shrinking of the PMMA volume during 
polymerization. This technique has the benefit of being able to create the nanoscale holes 
having high aspect ratios and that is hard to do with nanoimprinting which are pressure-
based. This projection technique may also avoid producing a thin layer which is present at 
the bottom of the pores. With poly(-caprolactone) (PCL), Bernards et al. used the 
projection method to produce a nanoporous material which can be biodegraded. A ZnO 
layer was combined with ZnO nanorods as a layout, and the PCL arrangement was cast. A 
porous film having nanoscale pore size was created by etching the zinc oxide nanorods 
(having approximate length of 500 nm and width of 237 nm) with H2SO4. The pore size 
and thickness of the produced PCL film were 21 nm and 5 x 109 pore cm-1, correspondingly. 
This methodology creates layers with a broad range of pore diameters and thicknesses, that 
has been used in a variety of applications, such as tumour cell separation [20], nanoparticle 
exhibit fabrication [21], and biosensing [22]. 

2.6 Self-assembly of polymers 

Polymer self-assembly creates transparent polymeric films by causing polymeric 
precursors to spontaneously associate in response to explicit non-covalent interactions 
[23]. A phase inversion technique may often trigger self-assembly. Thermally induced 
phase separation (TIPS), vapour induced phase separation (VIPS), and solvent induced 
phase separation (SNIPS), are all noteworthy phase inversion processes. By manipulating 
the self-assembly routes, the macroscopic shape of the polymers may be successfully 
tuned, ranging from spherical colloidal particles to colloidal gels with hierarchical porosity. 
The resultant materials exhibit unique microporous characteristics due to the interior 
chamber of SNIPS. This synthetic method may enable the creation of soft, flexible 
materials that retain their porosity indefinitely.  

2.7 Self-assembly of block copolymers (BCP) 

For many decades, block copolymer (BCP) self-assembly has attracted considerable 
attention due to its ability to generate ordered structures with a wide variety of 
morphologies, having spherical, vesicular, cylindrical, lamellar, bicontinuous 
arrangements, and a variety of hierarchical or complex architectures. These self assembled 
polymers have prospective or practical uses in a wide variety of areas. Nonetheless, this 
technique is very beneficial for delivering permeable inorganic compounds i.g silica and 
carbons [23]. To begin with, block copolymers should be amphiphilic for the most part, 
with one portion which can interact with the prepolymer in a non-covalently manner. 
Secondly, this prepolymer should have the ability to cross-connect further forming a stable 
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system with no effect on the BCPs. Furthermore, easy BCP removal is essential without 
affecting the system structure [24]. The most important prepolymers in the development of 
the permeable frame are phenolic tars [25,26]. The fabrication of a 2D hexagonal 
mesoporous polymer sheet was disclosed by Schuster et al. The triblock copolymer 
(Pluronic P123) template was used to create an oligomeric precursor, followed by removal 
of BCPs. On a Si wafer, an ethanolic solution of precursor with BCP was coated. Circularly 
moulded pores of larger diameter = 6.8 nm and shorter diameter = 3 nm were found in the 
produced polymeric film. Liang and colleagues have developed a comparison approach 
based on PS-P4VP (polystyrene-block-poly(4-vinylpyridine)) self-assembly [27]. This 
method's distinctive feature is the incorporating monomers of resorcinol to the PS-P4VP 
BCP to give a base permeable design prior to resorcinol polymerization and carbonisation. 
This helps the BCP-resorcinol complex formation, resulting in excessive cross-connected 
resorcinol-formaldehyde tar that is sometimes hard to dissolve. The volume of the PS entity 
in the BCP may control the pore width, and the thickness of the pitch region can be 
controlled by the amount of resin used. 

Block copolymer can also be used as a porous membrane framework where to construct 
the permeable film system by removing just one portion of BCP and, at times, some 
additional portions. One of the challenges in framing highly organised permeable 
polymeric membranes is to control the orientation of the pores perpendicular to the 
substrate all over the membrane. It is possible to tune the pore size of a membrane with 
systematic consideration of the proper experimental conditions such as parameters of 
kinetics of phase separation and film formation to achieve the targeted morphology [28,29]. 

2.8 3D printing technique 

Added material manufacturing, often known as 3D printing, is one of the unique techniques 
which promises a vast production of membranes used in biomedical applications. The 
capability to create complicated forms or components in three dimensional methods using 
varieties of materials, such as graphene-based materials, ceramics, metals, conventional 
thermoplastic of different scales [30], is the greatest advantage of this technique. This 
technique is classified into four categories: (1) photo polymerisation, which involves 
restoring photoreactive polymers using a laser or UV light [31]. (2) powder-based printing, 
where an ideal material's powder is placed on a substrate which follows a binder material 
spurting and selective sintering to get a 3D material [32], (3) material extrusion, which 
softens and expels a polymeric material fibre to form an optimal structure when heating 
the thermoplastic over its Tg [33] and (4) a desired 3d shape is achieved by lamination of 
the thin layer of the materials [34]. Stereolithography (SLA) is a polymerisation technique 
based on the laser light based lithography that has got wide applications for production of 
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polymer based membranes currently. In this process an UV laser follows the optimum 
design and attaches the photoresponsive polymer on the bottom/ top part of the stage in 
motion. When the perfect decoration is created on the stage it is vertically dropped on the 
surface of the resin followed by curing by the UV-laser to form a consistent 3D item (Figure 
4) [35]. 

 

Figure 4  3d Printing by stereolithography showing in normal as well as inverted mode, 
reproduced with the permission from Wiley-VCH [35]. 

 

However, 3D printing has enormous promise in a variety of areas, including design, 
assembly, manufacturing and medicine design, it is still with major drawbacks such as 
printing resolution, microscale pore formation [30,35]. Producing membranes with pores 
in nano range is still a great challenge. Although most three dimensional printing methods 
have a microscale target limit, the late advancement in the use of the TPP( two-photon 
polymerisation) technology for three dimensional printing has shown the potential to reach 
as far as feasible to a 100 nm scale. While this technology has progressed rapidly over the 
past decade, it still faces a few challenges: (1) maximum production costs, (2) lower 
stability of final material without proper treatment, and (3) types of material used. 
According to literature, there have been few reports of 3D printing being utilised to produce 
permeable polymeric sheets with pore size in nano range. But we believe this technology 
will pave the way for the potential production of permeable films in future. 
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2.9. Electrospinning (ES) 

Porous polymeric structures when synthesized by electrostatically operated spinning of 
polymeric fibres is called electrospinning. This method may produce permeable polymeric 
films with pore diameter ranging from micro to nanoscale. High pore interconnectivity, 
adjustable thickness, high gravimetric porosity, interstitial space in micro range, high 
surface to volume ratio and a low thickness with good mechanical property in terms of 
strength are all advantages of such layers [36]. 

 

Figure 5  Schematic procedure of electrospinning technique, reproduced with the 
permission from Wiley-VCH [37] 

 

Figure 5 shows an average electrospinning measurement. The pre-arranged polymer 
arrangement is first softened or disintegrated in solvent and then positioned into a capillary 
tube in this method. Then, an electric field strength is employed in between the collector 
and tip of the capillary. The developed charge is in opposition to the surface strain of 
polymer fluid held at the tip of the capillary. The hemispherical condition of polymer liquid 
at the tip transforms into a cone-shaped structure termed Taylor cone as the electric force 
is increased. The arrangement is launched from the tip of the Taylor cone when a critical 
value is induced by the applied electrical field that exceeds the surface pressure of the 
polymer fluid. Electrically controlling the path taken by the charged jet of polymer solution 
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allows uniform polymeric fibres to be collected to produce permeable membranes [36]. In 
general, there are two types of electrospinning: (1) solution electrospinning (SES) and (2) 
melt electrospinning (MES). 

2.9.1 Solution electrospinning (SES) 

SES is a mostly used and well-established technique that can be easily handled at 25oC. 
Ambient system parameters, solution, and process are the three main entities that govern 
the electrospinning interaction. The electrospinning process is influenced by environmental 
factors such as temperature and humidity. Ray et al. discovered that high humidity inhibits 
polymeric solution elongation, resulting in an increase in nanofiber diameter [38]. Where 
as according to Mit-uppatham et al. high temperature results in the synthesis of thin fibres 
[39]. 

Table 1  Various preparation procedures and materials used. 
Preparation Technique Materials Used References 

Nanoimprint Lithography hard 
polydimethylsiloxane 
(hPDMS) 

[4] 

Photo nanoimprint Lithography 
(PLN) 

porous anodic 
aluminium oxide 
(pAAO) + Ni metal 

[9] 

Thermal nanoimprint lithography 
(TNL) 

Thermoplastic 
polymers, Ni substrate 

[11,12] 

Tracks Etching Technology (TET) powerful X-beam 
irradiation/ heavy ions/ 
UV light on polymeric 
membrane 

[13,14] 

Self-assembly of polymers PS-P4VP (polystyrene-
block-poly(4-
vinylpyridine)) 

[24, 27] 

3D printing Technique Organometallic 
polymers, Resin, 
Ceramic, Metals, 
Conventional 
Thermoplastic 
Polymers 

[32-34] 

Electrospinning (ES) Poly ethelene glycol, 
Synthetic/Natural 
polymers, Chitosan 

[36,37] 

2.9.2 Melt electrospinning (MES) 

MES uses a simple cleaning method to remove the solvent after fabrication, and there is no 
need to choose a solvent. It's best for polymers that don't have a suitable solvent to dissolve 

 EBSCOhost - printed on 2/14/2023 2:02 PM via . All use subject to https://www.ebsco.com/terms-of-use



Advanced Functional Membranes  Materials Research Forum LLC 
Materials Research Foundations 120 (2022) 184-213  https://doi.org/10.21741/9781644901816-6 

 

197 

at 25oC. Do and co-workers used dissolved coaxial electrospinning to make polyethylene 
glycol shell nanofibers [40]. This technique allows for changes to the film geometry, such 
as tube form, as well as the precursor selection from a broad variety of polymers, such as 
natural and synthetic polymers having biocompatibility [41]. Tissue engineering, drug 
delivery, water purification, and lithium ion battery technology are only a few of the 
applications of the membranes created by this process. The significant surface roughness 
of these films encourages surface fouling, making them unfit specifically for biosensing 
applications. The Syhtnetic Techmiques and the materials used in various process are 
summarised in Table 1. 

3. Applications of porous membranes 

3.1 Pressure-driven membrane processes 

Depending on the desired separation, membranes can be used to (1) remove pollutants from 
waste streams so that the water can be recycled or discharged, or (2) concentrate or recover 
necessary components while the remainder is allowed to flow through the membrane. Both 
activities are crucial because they may help to accomplish two objectives in many industrial 
processes: (a) water reuse and (b)raw material or (by)product recovery. To remove particles 
in the 0.05–10 mm range, MF employs porous membranes with pore sizes in the range of 
0.05–10 mm are used. Particles are kept depending on their dimensions in this filtering 
process (shape and size dependent). This membrane technique most closely resembles 
conventional coarse filtration (Figure 6). [42] 

 

Figure 6  Pressure driven membrane processes. 
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Although polymeric materials make up the bulk of MF membranes, inorganic materials 
such as aluminium (Al) oxide, zirconium (Zr) oxide, titanium (Ti) oxide, carbon, silicon 
carbide, and other metals are also frequently used (steel, tin, nickel, etc.). MF may be used 
in the purification (e.g., of fruit juices, wine, and beer), sterilisation (e.g., of drinks and 
medicines), or concentration phases (e.g., in the cold sterilisation of beverages and 
pharmaceuticals) to retain suspended particles (i.e., in cell harvesting). In the production 
of drinkable water from ground water using NF and RO, MF is also used as a pretreatment 
step [43,44]. Ultrapure water production from the semiconductor industry, metals recovery 
as colloidal oxides or hydroxides, wastewater and surface water treatment, and oil–water 
emulsion separation are some of the other technological applications. Large molecules, 
having dimensions in the range of 2–100 nm (proteins, polymers, colloids, and emulsions) 
are kept in UF. Small molecules, such as salts and organic solvents, as well as low-
molecular-weight solutes, may pass easily across the membrane. The separation is based 
on a sieve process, similar to MF. UF membranes may be made of polymers or inorganic 
materials, much as MF membranes (mainly Al and Ti oxides). UF is used as a 
concentration/purification step in the dairy (milk and whey processing, and cheese 
manufacturing) and food industries (i.e., in the production of potato starch, and protein 
recovery and hydrolysis). It is also used in the metal and surface industries (for oil–water 
emulsion treatment and electropaint recovery), the textile and automobile industries (for 
indigo recovery), and wastewater treatment. NF is a membrane method that retains low 
molecular weight organic molecules (200–1000 Da) as well as multivalent ions like 
sulphates in a size range between UF and RO. In contrast to RO, the pressure utilised is 
modest (in the range of 3–20 bars), yet substantial fluxes are obtained. To separate particles 
in NF membranes, particle size, particle charge, or a combination of both may be 
employed. The majority of NF membranes are now polymeric composites; nevertheless, a 
growing number of NF ceramic membranes with unique separation characteristics are 
becoming available [45]. In water softening (calcium ion removal), solvent recovery, and 
wastewater treatment, small compounds including proteins, enzymes, antibiotics, dyes, 
herbicides, pesticides, and insecticides are frequently removed utilising NF methods. Low-
molecular-weight compounds, like salts, may be retained using the RO method. Organic 
solvents, on the other hand, have a low retention rate because they break down quickly in 
the membrane. cellulose triacetate, aromatic polyamides, and polybenzimidazoles are the 
most prevalent RO membrane materials utilised. Ceramic RO membranes are currently not 
available in the market. Desalination of saltwater; ultrapure water manufacturing 
(electronic industry); concentration of food juice, sugars, and milk; and wastewater 
treatment are the primary uses of RO [46]. 
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Membranes are used in a variety of industrial applications that need system stability, high 
accessibility, low requirements for preventive maintenance, and minimal care. For such 
demanding applications as those found in the chemical and pharmaceutical industries, as 
well as those found in water and wastewater treatment, ceramic membranes have emerged 
as the preferred choice due to their extremely high chemical and physical (thermal and 
mechanical) stability, exceptional separation features, and extended operational period. 
When compared to other membrane types utilised in pressure driven membrane methods, 
the following are the most often mentioned benefits of ceramic membranes: The operating 
life is lengthy and consistent. They show high temperature resistance (up to 300 oC, 
depending on the material) throughout the pH range, and pressures up to 30 bars (generally 
they withstand up to 90 bars). The stability in various chemical environments is excellent 
(i.e., oxidants, hydrocarbons, organic solvents, and including acids like hydrofluoric/ 
phosphoric acids when pure titania is used), bacteria resistant and, in many instances, 
bioinert compatibility with highly viscous liquids resistance to corrosion and abrasion. In 
addition better sterilization and cleaning properties under chemical or steam with back 
flushing are also shown. Because of these properties, they may be used in a number of 
applications where polymeric and other inorganic membranes are ineffective. Membrane 
pore diameters in the MF-UF-NF range may now be found in a variety of sizes (from 5 
mm down to a few hundred daltons). Cleaning under chemicals at high temperatures using 
chlorine, ozone, hydrogen peroxide, and robust inorganic acids, caustic, as well as steam 
sterilisation, are also possible with ceramic membranes. Owing to their exclusive 
properties, ceramic membranes (CMs) may be cleansed simply by backpulsing. In this 
process the flow over the membrane is reversed. As a consequence, the filter cake is driven 
aside from the surface of the membrane, extending filtering efficiency and reducing 
cleaning downtimes. Most ceramic membranes have much greater permeability rates than 
presently available polymeric membranes. In most applications, good organic retention and 
a low fouling propensity have been verified. Salt rejection, on the other hand, reduces 
dramatically when electrolyte concentration increases, as it does during the treatment of 
pickling bath solutions. As a result, using ceramic NF membranes in such a medium isn't 
always a good idea. Ceramic membrane rejection, on the other hand, is less temperature 
sensitive than polymeric membrane rejection (Considering both the average cut-off and the 
size distribution), which may be a benefit in certain applications. The hefty weight and 
high production costs of ceramic components are the two biggest disadvantages. 
Nevertheless, in situations where polymeric membranes are not possible, they usually have 
a lengthy service life. Furthermore, they may be recoated in the case of membrane loss, 
lowering element (membrane) replacement costs [46]. CMs were first created for uranium 
enrichment, but they were later utilised in wastewater treatment as well. Various industries 
like food, chemical, petrochemical, biotechnology, pharmaceuticals, dairy, and metal 
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polishing as well as power generation are all using ceramic membranes. Each industry has 
its own set of needs and opportunities [47]. Aside from industry-specific applications, a 
few common techniques are utilised across a variety of sectors. Oil/water separation and 
cleaning chemical recovery are two examples [48-50]. There are many examples in the 
food industry, metal fabrication and allied industries, automotive sector, chemical 
manufacturing sector, and oil refinery, among others, of petroleum oils from container 
washers, spills, drilling, and other processing operations. CMs are used in wastewater 
treatment for a variety of purposes, including oil removal from wastewater or purifying 
washed water from metal or textile cleaning, pre - treatment of landfill effluent. The 
benefits of CM may also be seen in recycling technologies including enamel, coating, and 
paint recycling, petrochemicals recycling, and degreasing cleaning baths. Emulsified oils 
in the wastewater are difficult to separate using traditional treatment methods like 
coalescers and oil skimmers. Furthermore, many polymeric membranes are inappropriate 
in hostile chemical conditions, such as heavily polluted oily wastewater, owing to their low 
stability (e.g., petroleum fractions, lube oils etc). On commercial scale systems fitted with 
back pulsing devices, long-term flux stability has been established (300 liter/m2 h was 
reported for the handling of generated water comprising 10–100 ppm suspended particles 
and oils using 0.8 mm Membralox membranes over many months) [51]. Chemical recovery 
varies by location, but on average, 95 percent of the active chemical solution is recovered, 
with Kjeldahl nitrogen rejections of up to 75 percent, 97 percent oil and grease rejections, 
and 100 percent suspended particles rejections. Many factors influence the payback, 
including the characteristics of the discarded cleaning solution, the cost of new chemicals, 
the percentage of recovery, the number of times the permeate may be reused, as well as 
utility and waste disposal costs. However, it is typical to have a payback period of less than 
a year or two [52]. Ceramic MF membranes are also often used in the processing of various 
water sources prior to RO. Ceramic membranes provide consistent performance under 
substantially changing feed circumstances in this application, and as a consequence, RO 
membrane lifespan may be doubled or tripled [52]. Recovery of catalysts, recycling of 
brine, colored and pigmented dyes and pigments may be recovered. Desalination of 
products is a process that involves the removal of salt from items (i.e., optical brighteners, 
surfactants, and dyestuffs). Organic solvents are cleaned, recovered, and recycled (solvent 
NF) by using porous membranes.  

3.1.1 Textile/pulp and paper manufacturing 

Processing of fuel oil and ethanol, fractionation of linosulfonates, COD reduction of bleach 
plant effluent, recovering whitewater from paper mills, recovering the coating on paper, 
rinse water from main and secondary wool scouring effluent, are some of the applications 
of porous membranes. The loss of colour, high-quality water for recycling, recovering and 

 EBSCOhost - printed on 2/14/2023 2:02 PM via . All use subject to https://www.ebsco.com/terms-of-use



Advanced Functional Membranes  Materials Research Forum LLC 
Materials Research Foundations 120 (2022) 184-213  https://doi.org/10.21741/9781644901816-6 

 

201 

reusing dye baths, finishing the spin bath water recovery is aided by the use of a water jet 
loom are done by utilizing porous membranes. 

3.1.2 Biotechnology, pharmaceuticals, and cosmetics 

Pharmaceutical active agents (antibiotics, enzymes, proteins, amino acids, and vitamins), 
as well as plant extracts, are concentrated, fractionated, isolated, and sterilised, biomass 
and algae separation, concentration, and dewatering, filtration of blood plasma, fat 
emulsions disposal, Clarification of fermentation broth, yeast separation, and bacterial 
suspension concentration, getting rid of endotoxins, recovery of aqueous stream 
byproducts, production of vaccines, nutraceuticals, are performed by ceramic membranes. 

3.1.3 Surface engineering/automotive/mechanical/mineral/metal industry 

Degreasing and rinsing of baths, treatment of emulsions of oil and water, heavy metals' 
resurgence, wastewater from grinding operations, glass/glass fibre manufacturing, 
wastewater treatment and, removal of oily wastewater are some of the examples where 
porous membranes are widely used.  

3.1.4 Foodstuffs, dairy products, and beverages 

Wine, beer, cider, soy sauce, and vinegar purification, juice concentration, microorganisms 
are removed from milk and whey. Milk and whey components are separated and 
fractionated. Whey desalination, soybean protein separation, processing of vegetable oil, 
drinking water purification, processing of sugars and starches, product recovery from beer 
and cider tank bottoms, water recovery from the waste stream are some of the application 
of porous membranes in above mentioned industries. 

3.1.5 Water, recycling, and the environment  

Treatment of wastewater and potable water, membrane bioreactors reduce COD, BOD, and 
suspended solids, chemical recycling and washing wastewater (i.e., laundry), waste oil 
treatment, emulsified oil removal, pesticides and drugs removal, getting rid of germs, 
heavy metals removal, treatment of grey water, sewage plant /sewage drain purification, 
water recovery from methane digesters, vacuum residual oil upgrade, processing of landfill 
leachate, treatment of radioactive wastewater are some of the application of porous 
membranes. 

3.2 Chemical and petrochemical industries 

The chemical industry is very diversified, using all main process technologies. There is a 
requirement to (1) recover and reuse chemicals in various chemical process applications, 
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and/or (2) treat highly variable wastewaters including detergents, polymers, and organic 
solvents. However, there is a growing need for better product quality, faster payback 
periods, and lower operational costs. Membrane technology is becoming more popular as 
product separation gets more complicated. This is especially true in the fine chemical 
sector, where membranes are employed in a wide range of applications, including the 
concentration and desalting of dyestuffs and optical brighteners, for example. Ceramic 
membranes, which can function in more severe circumstances such as high temperature 
(over 200 C), high/low pH, and solvent resistance, may provide substantial benefits over 
more traditional technologies in such a situation [53]. The following are some of the most 
common ceramic membrane uses in the chemical industry today: Recovery of pigment, 
hydroxide, and catalyst. The recovered product is recycled back into the process stream, 
and the resultant wastewater's chemical oxygen demand (COD) is substantially decreased. 
Desalting is the process of removing inorganic particles from powder and liquid dyestuffs 
during production. The membrane rejects the dye while allowing salts and water to flow 
through, concentrating and desalting the dye at the same time. In the manufacture of 
powder dyes, NF may be used to improve plant capacity prior to drying. In the production 
of liquid dyes, the dye's solubility is improved by nearly full desalting. Concentration of 
silica sol and latex membrane technology offers a cost-effective way to concentrate latex 
white water with up to 15% solids. After that, the latex may be recovered, and the cleaned 
water can be reused. While aqueous membrane applications continue to dominate the 
market for pressure-driven membrane processes, emerging solvent-resistant NF 
membranes open up new possibilities in the chemical sector [54]. Separation of oil and 
water, most governments have certain standards for the quality of wastewater when 
disposing of mineral oil in surface water and sewage systems. A significant quantity of oil 
may be extracted from wastewater using a water-oil separator. Chemically stabilised 
oil/water solutions, on the other hand, must be handled carefully. Membrane filtration may 
be used to purify these solutions, resulting in dischargeable water. Oil/grease 136 ppm to 
1 ppm, Pb 0.79 to 0.09, Ni 0.15 to 0.01, Cu 1.49 to 0.36, and Zn 5.9 to 0.37 are typical 
findings from waste stream to permeate [55]. Ceramic membranes are often used as an 
intermediate filter or prefilter for more costly RO membranes, as well as for the reduction 
of oily bilge wastes, process wastes, and wash water wastes. Pretreatment with RO. 
Backpulsing allows ceramic membranes to be cleaned continuously in situ (CIP), reducing 
the requirement for off-line cleaning. As a result, ceramic microfilters lower the cost of 
replacing ROs. The amalgam process produces sodium hydroxide (50 percent by weight), 
which is loaded with mercury downstream of the amalgam decomposer in chlorine-alkali 
facilities. Filtration using ceramic membranes may remove this mercury, as well as other 
solid contaminants like graphite. 
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3.3 Porous membrane in biomedical applications 

Nanoporous materials offer several potential biological uses that are presently being 
investigated. The membrane in implanted devices will behave as a semipermeable section 
which would keep the material or components in place and allows for the controlled release 
of necessary molecules. Nanoporous membranes (NPMs) may also be used for 
biomolecular analysis in a number of ways. In vitro uses include protein separation and 
diagnostics. Significant research has been conducted over the past decade to automate 
biological testing and reduce the amount of time and money spent on sample collection 
and analysis. These efforts have resulted in a large number of microfabricated devices that 
perform mixing, detection, reaction, separation or preconcentration functions. It has been 
shown that the alteration in selective transport and diffusivity across the membrane may be 
utilised to extract analytes from complex mixtures. Lab-on-a-chip concepts have garnered 
a great deal of interest in recent years [56]. The current section explains an overview of 
NPMs and their use in biological applications. While the applications are divided into 
categories depending on how the membrane functions, there is considerable overlap 
between the categories. 

3.3.1 Biomolecule separation and sorting 

In various fields, such as the pharmaceutical industry, the food industry, and 
biotechnology, separation and sorting are vital because they are used to separate and purify 
molecules from a variety of biological feed streams. Separation and sorting are also 
important in the food industry. Separation science makes use of a number of techniques, 
such as size exclusion chromatography and biopolymer gel electrophoresis [56,57] to 
separate molecules. In recent years, researchers have been looking into the separation of 
biomolecules in more organised holes for a range of applications. During kidney 
application, a synthetic NPM acts as a supporting entity for renal cells as well as a filter for 
blood, keeping important molecules like serum proteins and releasing smaller waste 
particles to flow through it [58]. The regulation of the flowing materials through the 
nanopores may be done from outside. For instance, Martin and colleagues have developed 
a membrane composed of an assembly of cylindrical gold nanotubules having a pore 
diameter of less than 1 nm that may be used as a sensor [59]. They demonstrated how, 
simply changing the charge in the nanotubles (positive to negative), enabled them to refuse 
ions with opposite charges, permitting for voltage gating of molecules with opposite 
charges. 
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3.3.2 Biosensing 

Sensory systems detect substances and enable cells to respond to stimuli via a variety of 
protein pores that are linked with the membrane. It is possible to utilise this kind of 
biosensing in several technical fields, comprising the medical diagnostics, pharmaceutical 
industry, and the detection of potentially harmful biomolecules, among others. A biological 
component is used in conjunction with a physico-chemical recognition unit in the majority 
of these applications to distinguish analytes in biological systems, and the biosensing 
device is used in these applications. Electrochemical sensors, such as amperometric 
sensors, are devices that utilise an immobilised enzyme to convert targeted analytes in a 
biological feed stream into products which can be detected electrochemically. The most 
common method that is being used for assessing blood sugar levels is the fasting glucose 
test. Researchers have shown that glucose oxidase immobilised on a porous nanocrystalline 
TiO2 screen is capable of detecting glucose in the blood [60]. A similar approach has been 
used to develop cholesterol biosensors based on immobilised enzymes (cholesterol 
oxidase) inside ZnO nanoporous thin films [61], which detect cholesterol levels in the 
blood. It is also important to mention the amperometric-type enzymeless nanoporous 
systems that have been developed. In recent years, researchers have demonstrated a system 
for sensing glucose that uses an electrode of nanoporous platinum. This miniaturised 
electrochemical cell was implanted in a microfluidic chip consisting of a network of 
microfluidic transport channels [62]. Bohn and his coworkers proposed a nanocapillary 
membrane based PTAS devices which are electrically actuable, to perform analytical 
operations and sensing. It may reduce the number of constituent parts in the sensing device 
[63]. Another category of NPM based biosensor, which analyses samples at a single 
molecular level at a time. The next section offers a well description of these important 
materials. 

3.5.3 Analysis on a single molecular level 

Nanoporous supports have become more popular for single-molecule analysis because they 
allow researchers to probe biomolecules (proteins, RNA, and DNA) one at a time. For 
example, it has become well established in recent years that determining the size and 
frequency of blockages in an electrolyte's ion current when the biologically active 
molecules are brought through nanopores integrated in insulating membranes can provide 
information about the structure, concentration, size, and sequence of single-stranded RNA 
or DNA, among other things. This method has been utilised by manufacturing specially 
designed receptors on membranes. For example a-hemolysin (cc-HL) protein integrated in 
a lipid membrane to detect biomolecules [64]. In the early days of analysis of single 
molecules, lipid membranes embedded in microporous film of polymers like teflon were 
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used in many of the experiments. In addition, it was the fact that the microporous 
membrane support needed to be further improved for practical applications, as the lipid 
membrane was unstable and ruptured after a shorter time span, which was one of the major 
drawbacks. It was suggested that the protein pores can be supported using nanoporous 
membranes [63]. The design of the protein pores restricts the number of sensing 
applications that can be implemented using lipid-bound nanopores. Synthetic nanopores 
have recently been explored as a means of improving the functionality of single molecule 
detectors, according to the researchers. Artificial nanopores constructed from a variety of 
materials, including glass, polymers, and solid-state membranes, have been used to detect 
DNA of both type (i.e. double-stranded and single-stranded), ions, proteins and 
macromolecules. Analyte-surface interactions may be controlled by nanoscale 
manipulation of synthetic nanopores, allowing for the development of sensors with desired 
functionality. Arrays of these sensor platforms with a range of analyte sensitivities, which 
can be combined into microfluidic devices [65], may be used to create lab-on-a-chip 
technology. 

3.3.4 Immunoisolation 

It is the technique of preventing an immune response from harming implanted cells or drug 
release systems that is known as immunoisolation. It is the most popular technique to 
encapsulate materials with the use of a nanoporous semipermeable membrane. Using 
nanoporous membranes, it is possible to protect transplanted cells from being attacked by 
the immune system of the body. These membranes have pore size suitable for permitting 
the minute molecules like oxygen, insulin, glucose. At the same time also small enough to 
block the bigger chemicals present in our immune system such as immunoglobin, which 
are present in huge quantities. Such immunoisolating devices act as a semipermeable 
membrane in artificial pancreas. According to researchers these devices act as an interface 
between the body fluid and insulin releasing pancreatic cells. 

According to Desai et al., the application of microfabricated nanoporous silicon interfaces 
in implantable artificial pancreas for the treatment of diabetes was explored [66]. The 
desirable properties of these nanoporous membranes are biocompatibility and resistant to 
biofouling in order to be used in a variety of in vivo applications. 

3.3.5 Drug distribution 

The invention of in vivo delivery techniques to enable for the controlled distribution of 
drugs locally where they are needed is now being explored by the pharmaceutical 
industries. In order to provide more effective therapy while also reducing the danger of 
wrong dosage, controlled delivery systems are desired. When the pore size, porosity, and 
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thickness of nanoporous membranes are all regulated to a high degree, they offer an 
attractive approach for creating capsules that may be used to deliver pharmacologic 
compounds with controlled release [67]. As an example, nanoporous materials are being 
investigated for their potential use in drug-eluting stents for the treatment of coronary artery 
disease [68]. The use of nanoporous inorganic membranes for the continuous 
administration of ophthalmic chugs to treat eye disorders has lately been investigated [69]. 
When linked to biosensors, smart food delivery systems that respond to physiological 
changes are possible. 

Conclusions 

Porous polymeric membranes are considered a hot field of research in recent separation 
based technological applications. Materials and manufacturing techniques of these porous 
polymeric membranes were briefly explored in this chapter. Polymers with high 
mechanical strength and cheap cost were observed to gain high importance. The favored 
method for producing porous polymeric membranes with controlled shape and 
performance was also discussed. It covered the system, solution, processing, and the 
surrounding environment. Despite this, certain issues need to be addressed in future 
research. Investigation on more efficient and less expensive manufacturing methods are 
the present need of modern industrial applications. The use of various types of porous 
membranes may have the potential to replace energy-intensive distillation techniques for 
separation of organic solvent as these are fast and cost-effective. On the other hand, nano 
porous materials are more favored for biomedical applications. Controlled pore size 
distribution, high porosity and low thickness, mechanical and chemical resistance are the 
essential requirements for selective membranes. True nanoscale devices need to maintain 
precise pore distribution and molecular sorting. Implantable device membranes must be 
biocompatible and biofouling resistant. Currently, inorganic, or organic compounds are 
coated onto nano porous membranes to impart chemical and mechanical stability. The 
responsiveness of nano porous membranes is currently being investigated in labs for 
biological applications. Smart membranes may be programmed to interact with various 
physiological environments like pH, temperature, and ion concentration. Making multi-
responsive nano-porous composite membranes is the recent challenge in membrane 
technology which needs to be solved to an early date.  
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Abstract 

Worldwide, the scarcity of water due to the contamination of water and water resources 
from human activities has become a challenge. To overcome this, we need adequate water 
treatment technologies. For the past few decades, research has becoming wider to innovate 
the advanced technologies for water purification. Several conventional methods have been 
adopted for water treatment. Extensive investigations have been done, and some are still in 
development to find an eco-friendly and feasible process for water purification. The advent 
of membrane separation processes has changed the scenario in the field of desalination and 
water treatment. The proper selection of membrane material and configuration could be an 
excellent approach towards water purification. This chapter deals with the various 
advanced functional membranes, the functionalization of membranes employed in UF, NF 
and membrane distillation. This chapter also deals with their applications in wastewater 
treatment. 
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1. Introduction 

The swift growth in population and industrialization lead to the extensive demand for 
quality water. Due to the increase in industrialization and change of lifestyle, a vast volume 
of wastewater has been generated. Globally, the major crises for the human community are 
the inadequate availability of potable water, which forces the public to drink unhealthy 
water.  The consumption of contaminated water is a health concern for humans and the 
entire ecosystem. The familiar wastewater sources are the industrial sector, commercial 
zone, residential area, irrigation release, etc. The major pollutants present in wastewater 
are organic, inorganic and biological contaminants. Some of the pollutants like heavy 
metals, radioactive materials are more toxic and hazardous. Also, some of the pollutants 
are non-biodegradable, which severely affects the healthy life of the ecosystem. However, 
proper treatment, reuse and recycle of water could reduce the water scarcity problem 
significantly [1]. 

Various conventional treatment technologies include chemical precipitation, adsorption, 
ion exchange, membrane separation processes, electrochemical treatment, etc. All these 
techniques have their own merits and also limitations. In the past few years, emerging 
pollutants in wastewater have become a severe threat. The existing traditional 
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methodologies are not compatible with the treatment of emerging pollutants. So, we require 
advanced technologies or advancements in the existing technologies to overcome this 
issue. In the past few decades, membrane separation processes are gaining importance 
because of their ambient condition operation, no phase change involved in the process, ease 
of installation and operation, less footprint area, compatibility to combine with other 
conventional separation processes and the possibility of both separation and recovery of 
the value-added components from the effluent. These merits triggered the attention of 
researchers to work towards advanced membrane technologies and developments in the 
fabrication of membranes [2]. 

The membrane separation processes are pressure-driven, concentration-driven, thermal-
driven, electric potential driven processes. The separation mechanism can be sieving or 
diffusion. The proper selection of membrane material and modules could be an excellent 
solution for treating various pollutants. In recent years, plenty of research work is going on 
to improve the surface characteristic of the membrane so that it could be adopted for the 
selective separation of various contaminants in wastewater [3].  

2. Developments in the synthesis of nano-based membranes 

In recent years, nanomaterial science has grasped the attention in wastewater treatment by 
membrane separation processes. By coating, the suitable nanomaterial over the surface of 
the membrane could widen the applications of membrane separation processes in 
wastewater treatment. Recently, there are many rapid developments in the synthesis of 
nanomaterials and their incorporation in the polymeric matrix to produce the mixed matrix 
membranes for the application of water treatment [1]. 

2.1 Nanocomposite ultrafiltration membrane (NUF)  

The ultrafiltration (UF) membrane has been increasing for the past few years due to the 
merits such as low-pressure operation, low energy consumption, ease of separation 
mechanism based on size exclusion and backwashing of the membrane is possible, which 
leads to reduced membrane fouling.  Polymeric materials such as polysulfone (PSF), 
polyethersulfone (PES), polyvinylidene fluoride (PVDF), polypropylene (PP), 
polycarbonate, cellulose acetate, cellulose nitrate, carboxymethylcellulose, polyvinyl 
alcohol, polyacrylic acid, etc., have been utilized in the fabrication of UF membranes. In 
recent years, UF membrane finds extensive application in wastewater treatment.  

2.1.1 Polysulfone nanocomposite UF membrane 

The developments and growth in the petrochemical and petroleum refinery, metallurgical, 
food process, paint, and fine chemicals industries have increased oily effluent generation 
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[2]. Membrane-based separation technologies have proven to be superior in the treatment 
of oily effluent compared to other convention techniques [3–5]. Y. Zhang et al. (2009) 
synthesized the advanced organic-inorganic composite membrane, using sulfated, Y -Y-
doped zirconia as an additive to PSF. N, N-Dimethylacetamide is heated to 40-50˚C and 
polysulfone is dissolved by proper mixing. Then, polyethylene glycol 400 is added to 
enhance the yield of pores. The Zirconia nanoparticles are added to this solution and mixed 
thoroughly to get the homogenous solution. The membrane is cast on a glass plate to form 
a thin film and immersed in a water bath. Then the membrane is leached and stored in 
formaldehyde to avoid biofouling [6]. 

The characterization studies on this novel membrane showed tensile strength twice that of 
PSF, and contact angle also got reduced almost 50%. This membrane has been employed 
to study the treatment of oily wastewater. The schematic diagram of the treatment process 
is shown in Fig. 1.  The investigations have shown significant retention of oil, which is 
nearly 99% and it could be a feasible membrane for the separation of oil from the effluent 
stream. From the literature, the incorporation of inorganic nanoparticles on the surface of 
the membrane could increase the permeability of the membrane and enhance the surface 
characteristics of the membrane [7–9].  

 

Figure 1. The schematic representation of the experimental process for the treatment of 
oily effluent 
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2.1.2 PVDF UF membrane 

Biopolymers are the natural polymers produced from living organisms and consist of 
monomers forming macromolecules by a covalent bond. Cellulose is an abundantly 
available biopolymer. It is crystalline, fibrous, hydrophilic and has a high molecular weight 
[13]. It is an eco-friendly biopolymer and also sustainable and biodegradable material. The 
Nano-crystalline cellulose combines both cellulose components such as its hydrophilicity, 
recoverability, biodegradability, and the benefits of nanoparticles such as high specific 
surface area, higher activity, mechanical and tensile strength [14]. The synthesis of NCC 
can be done by either chemical modification or mechanical modification methods. The 
chemical modification involves strong acid hydrolysis [15] and mechanical modification 
involves high-pressure refinement or homogenization [16,17]. 

Haolong Bai et al. (2012) synthesized NCC using chemical and mechanical modification 
techniques [18]. The synthesis process involves acid hydrolysis and mechanical 
homogenization. The cellulose pulp is reacted with a diluted sulphuric acid solution at 
85˚C. Then the pH of the solution is adjusted to neutral. After drying the solution, the solid 
content is suspended in N, N-dimethylacetamide and then it is subjected to high-pressure 
homogenization. The fabrication of PVDF/NCC composite membrane follows Loeb – 
Sourirajan Phase inversion technique. The experimental findings of Haolong Bai et al. 
(2012) are as follows: (i) the permeability and water flux could be improved significantly 
by composite membrane compared to PVDF membrane, and (ii) the pore size of the 
membrane and porosity were found to be more than PVDF membrane [18].  

Table 1  Advanced functional Nano composite membranes 

Nano-composite 
membrane 

Contribution 
of the research 

work 

Type of 
effluent 

Target ion/ 
contaminant References 

Polysulfone 
composite membrane with 
sulfated Y-doped 
zirconia/ 

 

Synthesis, 
characterization 

of membrane 
and treatment 

of oily 
wastewater 

Oily 
wastewater Oil [6] 

Polyvinylidene fluoride 
nano composite 
membrane coated with 
alumina nano particles 

Synthesis, 
characterization 

of membrane 
and treatment 

of oily 
wastewater 

Oily 
wastewater 
from an oil 

field 

Oil [12] 
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Polyvinylidene fluoride 
composite membrane with 
cellulose nano-crystals 

Synthesis and 
characterization 

of membrane 
- - [18] 

Polyvinylidene fluoride 
nano composite 
membrane coated with 
TiO2 nano particles  

Synthesis and 
characterization 
of membrane 

- - [19] 

Polyethersulfone coated 
with functionalized 
graphene oxide mixed 
matrix membrane 

Synthesis, 
characterization 
of membrane 
and treatment 
of wastewater 

Raw 
wastewater 
from 
Membrane 
bioreactor 
water 
treatment 
plant 

Fe(II), 
Zn(II), 
Cd(II), 
Cr(VI), 

[20] 

ZIF-8 Nano composite 
membrane 

Synthesis, 
characterization 
of membrane 
and treatment 
of dye effluent 

Dye effluent Dye [21] 

Hydroxyapatite nano 
composite membrane 
coated with silver nano 
particles 

Synthesis, 
characterization 
of membrane 
and treatment 
of palm oil mill 
effluent 

Palm oil mill 
effluent Oil [22] 

Polyethersulfone 
nanocomposite membrane 
with sulfonated graphene 
oxide 

Synthesis, 
characterization 
of membrane. 
Treatment of 
wastewater and 
electricity 
generation 

Wastewater COD 
removal [23] 

Polysulfone nano-
composite membrane with 
graphene oxide  

Synthesis, 
characterization 
of membrane 
and treatment 
of wastewater 
containing 
Bisphenol A 

Wastewater Bisphenol A [24] 

Polyvinylidene fluoride-
polyaniline membrane 
with graphene oxide 

Synthesis, 
characterization 
of membrane 
and treatment 
of dye effluent 

Dye effluent 
Allura red, 

Methyl 
orange 

[25] 
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3. Advanced functional nano filtration membranes 

Organic, inorganic and biological contaminants are present in wastewater. The inorganic 
contaminants, one of the major pollutants present in wastewater, are released from process 
industries such as petroleum refineries, fertilizers, textile and dye, paint, pharmaceutical 
industries, etc. [26].  The chief inorganic contaminants in wastewater are heavy metals, 
trace elements, mineral acids, salts, metal compounds, etc. [26]. Most of these pollutants 
are toxic, hazardous and non-biodegradable. These contaminants harm humans, animals 
and also aquatic life. However, some of these pollutants are micropollutants present in only 
trace quantity such as in mg/L or ng/L. Even in trace concentration, these contaminants are 
not desirable for the healthy life of the ecosystem. There are no adequate technologies for 
the treatment of micro-pollutants either from municipal wastewater or industrial effluent. 

However, pressure-driven membrane technologies such as RO and NF have proven 
promising technology for separating these micro-pollutants since they possess higher 
rejection, compactness and ease of operation, and feasibility to combine with other 
conventional separation processes [27]. NF membranes find applications in desalination, 
treatment of fine chemicals, food process and biotechnology industrial effluents. In the past 
few decades, various developments in the surface modification and fabrication of NF 
membranes by technologies such as interfacial polymerization by applying nanomaterials 
and other additives, grafting, electron beam radiation, layer-by-layer modification, plasma 
surface modification, etc. [28]. All these technologies have been developed to enhance the 
characteristics and functionalization of NF membranes to improve the rejection rate, 
selectivity and to overcome fouling tendency. 

3.1 Interfacial polymerization 

In recent years, the fabrication of thin-film composite membranes by interfacial 
polymerization has gained attention due to the improvement in the selectivity and anti-
fouling tendency of the membrane. The ease of operation and self-inhibiting reaction made 
this technique more feasible. Various monomers include bisphenol A, diethylenetriamine, 
triethylenetetramine, tetraethylenepentamine, m-phenylenediamine, piperazidine, 
polyhexamethylene guanidine hydrochloride, etc., have been employed in the interfacial 
polymerization for the fabrication of thin-film composite membranes [29,30]. 

In recent years, the incorporation of nanoparticles in interfacial polymerization has 
attracted many researchers. Since they possess specific unique characteristics such as 
antimicrobial and catalytic tendencies, they gained attention. Also, the composite 
membranes incorporated with nanoparticles exhibit excellent selectivity, rejection rate, 
permeability, mechanical strength, and hydrophilicity. The widely used nanoparticles are 
silica, and zinc oxide, titanium dioxide. In one of the recent studies, aluminum oxide 
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hydroxide particle known as Boehmite nanoparticles is used to synthesize polyethersulfone 
membrane to improve the separation efficiency of the membrane [31].  

This advanced functionalized mixed matrix NF membrane possesses a highly hydrated 
surface and is hydrophilic. Recently, a combination of nanoparticles has been studied to 
improve the characteristics of the NF membrane. For example, polyether sulphone 
membrane incorporated with polyaniline/Fe3O4 nanoparticles aids in the removal of heavy 
metal ions from wastewater [32]. The combination of nanoparticles utilized in the 
fabrication of NF membrane is carbon nanotubes, halloysite nanotube, nanofiber, etc. [33–
35]. 

3.2 Grafting polymerization 

Grafting polymerization can be done either by UV-assisted/initiated grafting 
polymerization or by photo-grafting polymerization. Qiu et al. (2007) synthesized the NF 
membrane from the cardo-polyether ketone UF membrane via photo-grafting co-
polymerization [36]. Deng et al. (2011) fabricated an NF membrane with a positive charge 
on its surface from polysulfone UF membrane using UV grafting polymerization [37].  

3.3 Electron beam radiation 

The electron beam radiation process involves the creation of active sites on the polymer 
without any additives. This leads to the formation of NF membrane with improved 
porosity, pore size, permeability, and rejection rate. Few examples for NF synthesis by 
electron beam radiation are as follows: (i) nylon 66 polymer cross-linked by electron beam 
irradiation [38], (ii) polysulfone layer grafted with 2-acrylamido-2-methylpropanesulfonic 
acid. 

3.4 Plasma surface modification 

In this process, to increase the hydrophilicity and decrease the membrane fouling, nitrogen 
functional groups are incorporated with the membrane by applying nitrogen-containing 
plasma [39]. The surface characteristics of the NF membrane can be permanently modified 
by plasma-induced graft polymerization. 

3.5 Layer-by-layer surface modification 

This process involves the addition of amine coupling and silane coupling in a layer -by-
layer surface modification of NF membrane. One of the examples layer-by-layer surface 
modification of NF membrane is the fabrication of polybenzimidazole/polyethersulfone 
NF membrane to separate heavy metal ions from wastewater. 
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3.6 Applications of advanced functional NF membranes in wastewater treatment 

Polyelectrolyte multilayer-based NF membrane fabricated by layer-by-layer surface 
modification has been employed to separate micro-pollutants from wastewater [40].  
Polydopamine coated polyether sulfone incorporated with amino-functionalized multi-wall 
carbon nanotubes has been employed to treat oily wastewater [41]. The cross-flow filtration 
setup is shown in Figure 2.  

NF hollow fiber membrane prepared by mixing sulfonated polysulfone with 
polyethersulfone followed with the formation of hollow fiber membrane using 
polyethyleneimine in the bore fluid has been investigated by Gao et al. (2020) for the 
separation of heavy metal ions from wastewater [42].  

 

Figure 2  Cross-flow filtration setup [41] 

4. Membrane distillation 

Membrane distillation is an emerging technology in separation processes and gaining 
importance in recent years. It is the thermally driven membrane separation process. This 
process involves the separation at lower pressure and temperature compared to the 
traditional distillation processes and hydrophobic porous membranes are employed for this 
process. The separation mechanism is based on the difference in vapor pressure of volatile 
species across the hydrophobic membrane surface. The pore size of the membrane is 
relatively larger than the pores of the RO and NF membrane. The feed side of the 
membrane is at a slightly higher temperature compared to the permeate side and the 
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permeate side is at lower temperature or ambient temperature. This temperature difference 
across the membrane surface ensures the vapor pressure difference. Due to the hydrophobic 
nature of the membrane and vapor pressure difference across the membrane surface, water 
vapor alone can permeate through the membrane. The water vapor exiting the permeate 
side of the membrane is condensed and collected. The schematic representation of the 
separation mechanism of membrane distillation is shown in Fig. 3. The rate-controlling 
mass transfer mechanisms are the Knudsen diffusion model, molecular diffusion model 
and viscous flow model [43]. 

This process has been employed for seawater desalination, wastewater treatment, the 
concentration of fruit juices, etc. Recently, this process has been adopted for the treatment 
of radioactive wastes [44, 45]. In the past few years, the application of this process has 
been widening due to its unique merits, such as relatively low-pressure operation compared 
to other membrane separation processes like RO, low-temperature operation compared to 
other conventional distillation processes; also, there is no need to heat the feed solution till 
its boiling point for achieving the separation, cost-effective process, could be easily 
coupled with other membrane separation processes like UF and RO, alternate energy 
sources like solar energy could be utilized [45–49].  

 

Figure 3  Schematic representation of separation mechanism by membrane distillation 
[43] 
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4.1 Configurations and modules of membrane distillation 

There are mainly four different configurations in the membrane distillation process. They 
are direct contact membrane distillation (DCMD), air gap membrane distillation (AGMD), 
sweep gas membrane distillation (SGMD), and vacuum membrane distillation (VMD) 
[50].  

Polymeric compounds such as polyvinylidene fluoride, Polypropylene, and 
polytetrafluoroethylene are widely used to fabricate membranes employed in MD units 
[51–53]. The application of hydrophobic membranes in the MD process suffers from 
certain limitations, such as membrane fouling and wetting of pores of the membrane. Both 
these characteristics are not desirable for the effective separation process. So, recently, 
much research is carried out to investigate the feasibility and functional modification of 
commercially available membranes to overcome these limitations. Various studies have 
been conducted to assess the characteristics of superhydrophobic and omniphobic 
membranes for their successful implementation in the membrane distillation process for 
desalination and wastewater treatment. 

4.2 Super hydrophobic membranes in membrane distillation 

The main drawback of the hydrophobic membrane in the membrane distillation process for 
wastewater treatment is the wetting of membrane surface and fouling. The foulant blocks 
the membrane's pores, which in turn affects the water flux of the membrane [54]. In 
applying the MD module for the desalination of saline water containing surfactants, pores 
of the membrane will get attached to the hydrophobic tail of surfactants. Since the 
hydrophilic head is exposed, that makes the pores of the membrane hydrophilic. This leads 
to wetting of membrane pores and declines the retention of salt from saline water [55]. To 
overcome these limitations, superhydrophobic membranes could be employed for 
membrane distillation. Recently, several attempts have been made to enhance the 
hydrophobicity of the PVDF MD membrane. The experimental findings of Wang et al. 
(2017) show that there is no significant change in the water flux and retention of 
contaminants in the MD process with feed solution containing stable surfactants [56].  The 
preparation of dope solution plays a significant role in changing the structural 
characteristics of the membrane. For the past few years, researchers have been 
investigating the modification in the preparation of dope solutions to enhance membrane 
characteristics in the MD module. M. Khayet et al.  (2002) investigated the addition of 1,2 
-ethanediol with a dope solution and found an increase in the roughness of the surface of 
the membrane [57].   

The hydrophobicity of the membrane could be enhanced by using hydrophobic 
nanoparticles since they are superhydrophobic [58]. The addition of hydrophobic 
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nanoparticles, such as silica nanoparticles, calcium nanoparticles, into the dope solution 
could improve the roughness of the membrane surface, pore size, and hydrophobicity 
[58,59]. Hence, it has been proved from several studies that by using the appropriate 
additives in the dope solution, roughness, porosity, and hydrophobicity of the membrane 
could be improved significantly. Adopting the proper additive could induce crystallization, 
leading to the formation of the nodule to improve the roughness of the membrane. 

Several methodologies have been attempted in the fabrication of superhydrophobic 
membranes for the MD process. Various preparation techniques for the fabrication of 
PVDF superhydrophobic membrane include phase inversion, non-solvent induced 
separation, vapor induced phase separation, etc. The following methodology has been 
adopted from W. Zhang et al. (2013). This methodology follows a modified phase 
inversion technique for the fabrication of a superhydrophobic membrane. Ammonia water, 
an inert solvent additive, has been mixed with the dope solution. Incorporating additive in 
the dope solution creates the PVDF clusters by incipient precipitation due to the localized 
micro phase separation. Hence, the formation of a superhydrophobic membrane is obtained 
as the clusters of PVDF grow to form a spherical structure with increased contact angle (up 
to 158˚) [43]. 

Hou et al. (2014) studied the preparation of PVDF / calcium carbonate nanoparticles flat 
sheet composite membrane and employed for the desalination process by DCMD process 
[58]. Wu et al. (2017) fabricated the superhydrophobic membrane PVDF membrane by 
silica particle-assisted non-solvent induced phase separation process and applied it in the 
MD process. The preparation of dope solution involves the proper mixing of propylene 
glycol and dimethyl acetamide followed by silica particles. Then the solution is kept for 
ultrasonication for about half an hour.  With this solution, PVDF is mixed by stirring the 
solution at a speed of 1000 rpm at a temperature of 80˚C for 4 h to yield a homogeneous 
solution. Then the dope solution is cast on a glass plate and kept at ambient air for the 30s. 
The solidified sheet is removed and immersed in deionized water at atmospheric 
temperature for a day. Then the membrane sheet is removed from the water and kept for 
atmospheric drying, followed by vacuum drying [62]. Wu et al. (2017) studied the 
treatment of saline water by fabricating PVDF superhydrophobic membrane by the process 
mentioned earlier and employed in the MD module to treat saline water. It was observed 
from the experimental findings that the salt retention is more than 99% and the water flux 
of the membrane was observed 2.7 times more than that of pristine PVDF [62]. The 
schematic diagram of the experimental setup for the direct contact membrane distillation 
is shown in Figure 4. 
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Figure 4  Schematic representation of experimental setup of direct contact membrane 
distillation setup [62] 

 

Zhang et al. (2020) studied the fabrication of superhydrophobic PVDF membrane by non 
solvent induced phase inversion technique by utilizing NaCl-H2O as a green additive, with 
improved water flux and more than 99% salt rejection [63]. A recent study by Li et al. 
(2020) involves the fabrication of 1H, 1H, 2H, 2H-perfluorodecyltriethoxysilane (PDTS) - 
Zinc oxide – PVDF and its application in DCMD. The dope solution is prepared by mixing 
PVDF, zinc oxide nanoparticles in the solvent dimethyl acetamide and acetone in a proper 
ratio. Then the solution is stirred for the complete blending of the solution. The thoroughly 
blended solution undergoes electro spinning and then membrane casting. The fabricated 
membrane is adopted for the DCMD process to treat saline water, saline water with low 
surface tension sodium dodecyl sulphate and calcium sulphate [64]. A Novel super 
hydrophobic composite hollow membrane was synthesized quite recently by Ding et al. 
(2021) and employed in a vacuum membrane distillation module for the desalination 
process. The synthesis involves the filter coating and phase inversion technique. A thin 
composite layer is prepared from poly-dimethyl silane and PVDF on a substrate by suction 
coating. The substrate is immersed in a bath with silicon dioxide, which leads to the 
formation of a super hydrophobic membrane [65]. Wen et al. (2021) performed the 
preparation of super hydrophobic membrane by using graphene oxide membrane with 
fluorinated silica nanoparticles. The membrane performance was investigated by 
employing the membrane in an air gap membrane distillation process.  

4.3 Omniphobic membranes 

Superhydrophobic membranes hold excellent water repellent tendencies. However, they 
are susceptible to wetting by organic contaminants in wastewater. The contaminants 
possessing low surface tension can lead to the wetness of the pores of the membrane. The 
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wettability of membrane pores can deteriorate the function of the membrane in effectively 
separating the liquid-vapor interface and which in turn can restrict its application in the 
MD process [66]. Since the omniphobic membranes can exhibit repellent both to water and 
organic compounds, the studies on the synthesis of omniphobic membranes and fabrication 
of MD modules for wastewater treatment and desalination have significantly gained 
importance in recent years. The re-entrant geometries and functional modification of the 
membrane are the key factors in the synthesis of omniphobic membranes to enhance their 
repellent tendency towards water and species with low surface tension [67]. Also, it is 
equally important to impart the characteristics such as chemical, thermal and mechanical 
strength to withstand the MD process. In the functional modification process to impart 
omniphobicity, a thin gas film is created adjacent to the surface of the membrane, which 
restricts the contact area of liquid on the surface of the membrane. However, exhibiting the 
omniphobic behaviour towards highly saline water with oil and surfactants is still 
uncertain. Boo et al. (2016) studied the performance of the membrane and found the steady 
performance of the membrane with excellent wetting resistance towards the feed 
containing surfactants [68].  

Several studies have been demonstrated to impart the surface omniphobicity by creating 
the re-entrant geometries on various substrates [69], especially by the deposition of 
nanoparticles [70]. Zinc oxide is a well-known compound that exhibits rich growth 
morphology [71] and produces by chemical bath deposition. Studies have been conducted 
to synthesis omniphobic surfaces by chemical bath deposition of zinc oxide nanoparticles 
on the silicon substrates [72, 73].  Chen et al. (2018) studied membrane fabrication by 
depositing zinc oxide nanoparticles on the glass fiber to create the re-entrant geometry to 
impart omniphobicity [70]. The fabrication of omniphobic membrane for the MD process 
is adopted from Chen et al. (2018).  The fabrication involves the deposition of zinc oxide 
nanoparticles on the glass fibre membrane using a chemical bath deposition method. After 
the deposition, the process follows fluorination of the surface and then a coating of 
polymer.  

The schematic representation of the process flow diagram is shown in Fig. 5. The saline 
water as a feed solution is taken in the feed tank. The feed solution is heated and passed 
through the direct contact membrane distillation (DCMD) module. In the DCMD module, 
the feed solution is in direct contact with the hot side of the membrane. Due to the vapor 
pressure difference, water vapor alone permeates through the membrane. Then it flows 
through the chiller, where it is condensed and the treated water is collected in the permeate 
collection tank.  
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Figure 5  Process flow diagram of DCMD for the treatment of saline water [70] 

Conclusion 

In the past few decades, there has been an immense growth in the development of 
membrane separation processes and the fabrication of advanced functional membranes for 
the application in water purification. However, some of the technologies are either under 
research or in pilot scale and need to be enhanced for their specific applications. In recent 
years, the advent of nano-composite based UF and NF membranes have been gaining 
significant attention in the field of water purification and also produced substantial 
outcome. The advancements in the characteristics of membranes for the application in 
membrane distillation process has becoming the emerging technology. The implementation 
of advanced functional membranes in the industrial scale by overcoming the challenges 
such as membrane fouling, cost of operation, etc., could be an excellent choice for 
addressing the water scarcity issues. The outcome of all the advanced functional 
membranes in water purification has evidenced the success of technology. In the future, 
the advanced membranes with more economical and technical viability, could find wide 
applications in water purification.  
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Abstract 

Global warming has become a serious threat to the environment as well as human life. The 
application of renewable and green energy sources has been emphasized in recent years to 
overcome the energy demand and save the environment. As a competent alternative to 
renewable energy sources, membrane-based energy generation has attracted the attention 
of researchers. In the past few decades, the application of advanced functional membranes 
in green energy production has gained importance. The application of polyelectrolyte 
membranes in fuel cells has become an emerging technology due to high proton 
conductivity, excellent thermal, chemical stability, and mechanical strength. Pressure 
retarded osmosis is also one of the membrane-based energy generation techniques which 
have been upgraded with significant developments. The various polymeric membranes, 
both inorganic and organic, have been employed in the energy production processes. In the 
past few years, the application of biopolymeric membranes made up of chitosan blends has 
shown excellent progress. The storage of energy also plays an equivalent role in energy 
production. The application of membranes has a vital role in energy storage batteries. This 
chapter deals with all the advanced functional membranes for energy production and 
storage. 
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1. Introduction 

With swift growth in population, industrialization, and change of living style, the global 
energy crisis has become a serious concern. Worldwide, global warming has become a 
serious threat that needs more attention. To overcome this issue, now a day there has been 
a concern to adopt renewable energy resources. Also, there is a concern to reduce the 
consumption of the prime energy source fossil fuels. It involves the combustion of fuel to 
get energy and the emission of CO2 from burning fossil fuels causing environmental 
pollution. In recent years, there is a thirst for green energy sources like fuel cells, biofuels, 
geothermal and solar energy, etc. [1]. Even these clean energy sources suffer from certain 
limitations. In the H2 fuel cell, it produces by-product gases in the energy generation 
process, and there is a problem of catalyst poisoning due to the presence of contaminants 
[2]. Generally, biofuels are produced from the fermentation of biomass, followed by 
azeotropic products that involve a higher cost of production. It is essential to develop the 
technologies to produce, store, and efficiently consume the energy in green energy 
production by overcoming these issues.  

Renewable energy resources such as wind energy, solar power, hydropower, etc., have 
been employed to minimize the consumption of fossil fuels for energy generation. The 
highly advanced membrane processes for energy generation have received significant 
attention in the past few decades [3]. Pressure retarded osmosis is one among those 
advanced membrane technologies but not yet commercialized. Statkraft Company, located 
in Norway, is the first unit to demonstrate it at the pilot plant level. 

The global community is concerned about energy shortages and environmental pollution. 
The fuel cell mechanization may address these issues since it is capable of generating 
energy efficiently without emitting pollutants (if hydrogen is used as fuel, the final product 
is water) [4]. In modern electrochemistry, fuel cells (FCs) are electrochemical devices that 
convert chemical energy to electricity provided that it is supplied with enough fuel and 
oxidant [5]. Historically, fuel cells were developed in the 19th century by William Grove. 
He created a ''gaseous voltaic battery'' using platinum as an electrode material with oxygen 
and hydrogen as reactants [5]. The solid oxide fuel cell was developed in 1937 by Baur and 
Preis using a ZrO2 and Y2O3 blend as electrolytes [5]. The FC was operated at a high 
temperature (1050 oC). In a fuel cell system, phenol-sulfonic acid and formaldehyde were 
polymerized to make phenolic polymer membranes. They were also temperamental in 
mechanical strength and lifespan, and showed a relatively low power density [6]. DuPont's 
Nafion membrane, developed in the 1970s, doubled the maximum conductivity and 
operating lifespan to 105 hours. 
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The Nafion membrane developed by DuPont in the 1970s doubled the maximum protons 
conductivity and doubled the operational lifetime to 105–106 hours [7]. Fuel cell systems 
were rapidly equipped with Nafion membranes, and fuel cells established themselves as a 
competitive energy source. At present, power plants, compact transformers, and vehicles, 
notably the Chevrolet Equinox and Ford CEVs, are all being tested with fuel cells [8].  
The different fields of fuel cell applications are as follows: 

• Enhanced power stability  (telecoms, high-tech manufacturing, data analysis, and 
customer support) 

• Reduction of emission (metropolitan areas, industrial establishment, aerodromes, 
means of transport) 

• Access to the power supply is limited in some areas (mobile applications and remote 
locations) 

• Monitoring and management of biowaste gases  (effluent treatment) 

The Polymer electrolyte membrane fuel cell (PEMFC) represents the most frequent fuel 
cell used in stationary power applications. Still, molten-carbonate fuel cells, solid oxide 
fuel cells, phosphoric acid fuel cells, and alkaline fuel cells are also used [9]. Stationary 
applications could, in principle, rely on both low- and high-temperature fuel cells. The 
main issue with low-temperature fuel cells is their fast startup time. Still, high-temperature 
fuel cells (molten-carbonate and solid oxide fuel cells) generate heat without any external 
reformation, resulting in higher efficiency than low-temperature fuel cells.  

Fuel cells may be utilized in various ways: They may replace the grid or provide 
supplemental power, serve as both primary and secondary power, or provide standby 
power  [10-11]. Mobile power production has been driven primarily by the need for higher 
quality, higher density, and higher time performance resulting from increased product 
development (CD players, mini-disk players, notebook computer systems, and cellphones). 
As technology advances, there is always a race for smaller, cheaper, lighter products with 
greater functionality [12]. Telecommunications, computers, social networks, and the 
Internet require ample power sources, which implies a need for fuel cells as portable power 
systems [13]. In general, fuel cell systems are perfect for mobile power applications since 
they have a high capacity, reliability, ease of operation, and are relatively inexpensive [14]. 

Fuel cells can reduce harmful emissions in the transportation industry while maintaining 
vehicle efficiency without compromising the vehicle's propulsion system. According to 
recent research, fuel cells have demonstrated efficiencies almost twice that of internal 
combustion engines. Because fuel cells do not require moving parts, they become a suitable 
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alternative to current combustion engines due to their easy functionality, fuel versatility, 
ease of installation, and minimal maintenance. 

Energy derived from renewable sources is intermittent by nature, and the electricity 
generated from them is not dispatchable, causing supply and demand to be unpredictable. 
Due to unbalanced supply and demand, it is, therefore, necessary to store energy. As an 
added benefit, energy storage can also help utility planners bridge the gap between the drop 
in electricity generated by photovoltaic panels or a reduced wind speed caused by cloud 
cover and the ramp-up rate of gas-fired peaker plants, which usually take 15 minutes to 
ramp up. The chapter describes the different type of membranes used in energy 
applications. 

2. Pressure retarded osmosis membranes 

The increased demand for energy resources, has attracted the attention of researchers 
towards alternate renewable energy resources [15]. Water is the prime source for 
hydrothermal energy generation. In recent years, it has also become the energy resource 
for power generation from wastewater by membrane processes. The concentration gradient 
between seawater and fresh water has been utilized to capture energy by membrane based 
processes. Pressure retarded osmosis and reverse electrodialysis are the emerging 
membrane based technologies for producing energy from saline water [16]. Both are 
promising and also efficient membrane technologies to generate energy by utilizing the 
salinity gradient [17-19]. However, there are certain limitations of these technologies such 
as fouling and also cost of the membrane. The processes are still in pilot scale stage and 
will be commercialized in near future.  

The pressure retarded osmosis involves the separation of saline water and fresh water by a 
semi permeable membrane. Osmosis is a phenomenon which involves the flow of water 
from higher chemical potential to lower chemical potential of water. The molar 
concentration difference of solute acts as the driving force for the transport of water across 
the membrane and solute molecules are retained by the membrane. Osmosis utilizes the 
osmotic pressure difference across the membrane for the flow of water form pure water to 
saline water. The pressure retarded osmosis process phenomenon lies intermediate between 
osmosis and reverse osmosis. In this process, the hydraulic pressure is applied to the saline 
water side, like reverse osmosis process, however, the net flow of water is from feed water 
to the saline water side like osmosis [20]. 

The source of renewable energy produced by mixing fresh water and saline water could be 
utilized by pressure retarded osmosis [21]. Due to the salinity gradient, water will flow 
from fresh water side to saline water. The membrane allows only water to permeate through 
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it. The flow of water increases the volume of water in the saline water side. This in turn 
increases the pressure which is sufficient to operate the turbine to generate power. The 
economic and efficient membrane are the key factor in this process. In the case of reverse 
electrodialysis, the saline and fresh water are allowed to flow through the chamber 
containing anion exchange and cation exchange membranes arranged alternately. The 
salinity gradient acts as the driving force for the generation of voltage by the movement of 
ions.  

To achieve the goal of zero liquid discharge and green energy, utilizing the salinity gradient 
by pressure retarded osmosis, an emerging and efficient process could cater the energy 
demand. Over the past few years, the technology has been lacking in achieving adequate 
flowrate. The composite matrix of RO membrane has the bulk supporting layer that 
significantly affects the water flux due to the internal concentration polarization. Hence, in 
the recent years, research has been directed towards, developments in the fabrication of 
membrane with better water flux and also reduced internal concentration polarization. A 
specially fabricated cellulose acetate forward osmosis membrane and thin film composite 
polyamide membrane were employed in pressure retarded osmosis process to increase the 
water flux and decrease the internal concentration polarization [22-24]. However, to avoid 
fouling and drop in the water flux, the fresh water stream and saline water stream should 
be pretreated extensively. The schematic diagram of power generation by pressure retarded 
osmosis process is shown in figure 1.  

This process consumes river water as the feed water and sea water as the draw solution. 
Several studies have been attempted to improve both the technical and economical 
feasibility of this process. The studies investigated by Bajraktari et al., (2017) and Manzoor 
et al., (2020) employed highly saline water as the draw solution to extract high energy [26, 
27]. Fouling of the membrane is the main drawback of this process. In the composite matrix 
of the membrane, the porous supporting layer faces the feed side. The feed is most often 
the treated effluent which may contain organic and inorganic contaminants. These 
contaminants can permeate through the pores of the membrane and get stuck below the 
dense layer of the composite matrix. This leads to significant reduction in the water flux 
[28]. Several attempts have been tried to overcome the fouling by surface modification, 
synthesis of double-skinned membrane and also the pretreatment of the feed stream [29-
32]. Cellulose triacetate composite membrane matrix with active layer facing the feed 
solution configuration has been investigated to minimize fouling and also to increase the 
mechanical stability of the membrane [33]. Li et al., (2018) fabricated the integral pressure 
retarded hollow fiber membrane with active layer facing feed solution configuration to 
reduce the fouling with increased energy harvesting [34]. The membrane was prepared by 
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phase inversion technique using polyamide-imide substrate, since it possesses excellent 
mechanical and chemical stability.  

 

 

Figure 1  Schematic diagram of pressure retarded osmosis [25] 

2.1 Hybrid pressure retarded osmosis processes 

In the past few years, the closed loop pressure retarded osmosis process has been gaining 
attention, since it provides better performance and also it is a eco-friendly process [35]. In 
the closed loop process, due to the necessary for the additional separation technique to 
recover the draw solution and also to improve the energy generation, hybrid pressure 
retarded osmosis has been adopted. Several hybrid systems have been investigated by 
researchers in the recent years to utilize the benefits of the both the processes of hybrid 
systems. The hybrid systems such as pressure retarded osmosis-membrane distillation [36, 
37], pressure retarded osmosis – thermosiphon [38, 39], pressure retarded osmosis – solar 
pond [40,41], etc., have been investigated in the recent years. 

2.1.1 Pressure retarded osmosis-membrane distillation 

The hybrid process forward osmosis-membrane distillation has proven to be a promising 
technology for desalination, reuse of effluent from industries, reclamation of wastewater 
[42-44]. Based on this concept, pressure retarded osmosis -membrane distillation system 
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has been attempted to produce energy as well as clean water. The retentate from the reverso 
osmosis process, which the concentrated brine is fed to the membrane distillation module. 
From the membrane distillation module, the clean water and concentrated and high 
temperature draw solution are obtained. The concentrated and high temperature draw 
solution is passed through the pressure retarded osmosis unit. The low salt concentration 
wastewater is used as a feed solution in this unit. The salinity gradient act as the driving 
force for the transport of water to the permeate side followed with the operation of 
hydroturbine leading to the power generation [45].   

2.1.2 Pressure retarded osmosis – thermosiphon 

This process involves the natural circulation currents generated due to the difference in the 
density to produce energy due to thermal gradient. The procedure has been adopted from 
Arias et al., (2018). The aqueous salt solution is passed through the solar collected where 
part of water evaporates. The evaporated stream with very less salinity has been taken as 
the feed stream to the pressure retarded osmosis system. The concentrated solution from 
the solar collector has been taken as the draw solution. Water transport takes place from 
feed side to draw solution side, followed with the operation of hydroturbine to generate 
power. The hot stream that comes out is fed to the heat exchanger to cool down the solution. 
Then the solution is sent to the solar collector and the cycle of operation has been continued 
[46]. The future feasibility of the process depends on the optimized temperature to yield 
maximum output of power in the long term process. 

2.1.3 Pressure retarded osmosis – solar pond 

This hybrid system has been developed to generate power as well as to reduce the adverse 
environmental effect of brine solution. The solar pond is the manmade solar collector that 
can absorb the heat and retain the heat in the bottom layer of the pond due to the salinity 
gradient.  Mohamed and Bicer, 2019, proposed the hybrid system pressure retarded 
osmosis-solar pond. The solar pond as a solar collector receives the solar heat and retains 
the heat in the bottom layer of the pond with higher saline concentration. This high 
temperature stream has been sent to the multiple effect desalination units to heat seawater. 
The concentrated brine from the desalination units has been fed to the pressure retarded 
osmosis system as a draw solution and the treated effluent with low salt concentration has 
been fed to the feed stream. The water transport occurs from feed side to draw solution 
side. This dilutes the draw solution and increases the volume of it, which is sufficient to 
drive the hydroturbine to generate power. This hybrid system could enjoy the benefit of 
improved solar efficiency and minimizes the greenhouse gas emission [47].   

 EBSCOhost - printed on 2/14/2023 2:02 PM via . All use subject to https://www.ebsco.com/terms-of-use



Advanced Functional Membranes  Materials Research Forum LLC 
Materials Research Foundations 120 (2022) 237-266  https://doi.org/10.21741/9781644901816-8 

 

245 

3. Fuel cell applications 

Fuel cells are one of the most powerful tools that must be developed to meet the growing 
demand for renewable energies. In contrast to combustion-based heat engines, chemical 
energy in fuel cells is directly transformed into electrical energy without any intermediate 
steps [48]. In contrast to other energy sources derived electrochemical reactions such as 
batteries, which temporarily store their reactants in the cells, these sources are continuously 
supplied with reactants from outside the cells. Fuel cells also do not consume electrodes, 
and do not participate in reactions like batteries. Fuel cell technology is considered to be a 
promising technological advancement for the development of renewable energy 
sources  [49]. 

Fuel cells have developed to the point where they are becoming more advanced. They 
appear to offer promising markets where electricity can be generated efficiently and 
environmentally friendly. In addition, there are a number of plants that employ fuel cell 
technology that has been developed and is operational, ranging from megawatts to 
milliwatt capacity [50]. Essentially, fuel cells are composed of an electrolyte and a porous 
electrode, which has catalysts that accelerate electrochemical reactions. There is a negative 
charge on one electrode (the anode) and a positive charge on the other (the cathode). An 
electric current is produced by electrochemical reactions at the electrodes. 

For the lower to medium scale power generation applications, the best source is the fuel 
cells with methanol as a fuel. Due to their lower weight and volume as compared to other 
energy sources such as indirect fuel cells, they can be employed for various transportation 
applications [51]. In the recent years, direct methanol fuel cells have attracted the attention 
of many researchers for the generation of green energy. This technology involves the 
conversion between chemical and electrical energy by utilizing fuel based on methanol. In 
this process we employ mediator such as polyelectrolyte membrane for the transport of 
proton and also this prevents the combustion of fuel by acting as a barrier between the 
reactants. The synthesis of polyelectrolyte membrane with excellent proton conductivity, 
chemical, mechanical, thermal and electrical stability, and also less permeability of 
methanol is the crucial part in the fabrication of fuel cells that run on methanol [52, 53].  

3.1 Proton exchange membrane 

The key component, in fuel cells, is the proton exchange membranes (PEMs). PEMs must 
meet a number of characteristics, including highly proton-conductive, exceptional strength 
and durability, chemical and electrochemical stability, minimal fuel crossover, and the 
ability to fabricate membrane-based electrode assemblies. PEMFCs have become a popular 
choice of fuel cell systems for portable energy storage because of their portability, long-
term durability, fast response time, extensive power output, and low emissions [54], 
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together with their silent operation [55]. An anode and a cathode are connected by a 
PEMFC proton exchange membrane (PEM). Many of the functional groups in PEM work 
as proton-conductive groups, allowing the protons to move from one group to another. 

 

Figure 2  Schematic representation of Proton exchange membrane fuel cell  

3.2 Nafion membrane 

Nafion membranes were developed by Dupont in the 1970s. In this membrane, the sulfonic 
acid groups assocaited with the polymers act as proton-conductive groups. Nafion 
membranes have a strong influence on proton conductivity depending on their water 
content and temperature. Nafion membranes offer many of the desirable features that make 
them suitable for FC systems. This membrane has excellent chemical and mechanical 
stability, high proton conductivity under normal conditions, and low permeability to fuel 
and oxidant [57]. Nafion™ membranes are at the heart of a new generation of fuel cells 
offering a clean energy source to power anything that moves. Using Nafion™ membrane 
in fuel cells for power generation benefits vehicles ranging from automobiles, buses, 
forklifts, boats, planes, and spacecraft due to: 

High efficiency: Without combustion, fuel cells convert chemical energy to electrical 
energy. 

Low emissions: Emissions from fuel cells are negligible, consisting mostly of water. 

Quiet operations: Due to its lack of moving parts, a fuel cell produces only the noise 
produced by its auxiliary equipment. 
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Minimal intervention: The operation and maintainence of a fuel cell is simple because 
there are no moving parts, reducing operational costs and maintenance. 

The nafion, however, only works at a relatively low temperature (80-100 oC). When the 
temperature is above 80 oC, the Nafion dehydrates (and their proton conductivity drops) 
and at 120 oC, the proton conductivity starts to drop significantly [58]. Consequently, 
Nafion has very poor proton conductivity when relative humidity (RH) is low [59]. 
Furthermore, Nafion has a relatively high permeability to methanol [60], which 
significantly reduces the performance of methanol fuel cells. 

The Nafion membrane has many drawbacks, but new polymer electrolytes, or PEMs, have 
been developed that could replace it, especially when operating at high temperatures. In 
general, recent PEMs can be categorized into three broad groups: (1) polymer membrane, 
(2) ceramic, and (3) organic-inorganic composite membrane. 

3.3 Polymeric membranes 

There are several types of membranes that are used in fuel cells, but polymer PEM is the 
most commonly used. Polymers typically contain proton-conductive groups such as 
sulfonic acid in their side or main chains. To make the polymers chemically and thermally 
stable, they are typically fluorinated. The most commonly used PEM in fuel cells is Nafion. 
There has been extensive research on the possibility of modifying the properties of the 
Nafion membrane to make it more suitable for conduction of protons at high temperatures 
and low humidity.Table 1 represents the different modifications of the Nafion membrane 
with their characteristics. 

3.4 Polystyrene-based membranes 

A polymer membrane made of polystyrene-sulfonic acid (PSSA) was the first polymer 
membrane available for commercial use. There is a growing interest in membrane materials 
fabricated from polystyrene which can function at medium and high temperatures, as well 
as low water content [64]. Styrene-based polymers are relatively cheap, which makes 
PSSA-based membranes an attractive option for FC. Membranes based on PSSA have 
permeability to methanol lower as compared to Nafion [65]. In real-world applications of 
FC, PSSA membranes are unstable. In addition to the loss of IEC and conductivity, the 
performance of the membrane is negatively affected by the loss of SSA fragments (up to 
approximately 0.1% per hour) [66]. 

3.5 Polyimide-based membranes with sulfonated groups 

Polyimides are thermostable polymers that have excellent thermal and mechanical 
characteristics and are resistant to harsh chemicals and extreme temperatures [67]. Sulfonic 
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groups can be added to these polymers to improve their insulating properties. As a result 
of this modification, the molecule becomes hydrophilic and proton-conductive. The 
development of polyimide-based membranes was driven by the expectation that material 
prices would be significantly lower than Nafion [68]. In humid environments, sulfonated 
polyamide membranes inflated and needed hydration to allow for proton conductivity 
(which is comparable to the properties of Nafion). However unlike Nafion, its water 
absorption, water sorption and drag resistance of the water were not affected significantly 
within a wide range of temperatures. Due to these features, it is suitable for operations at 
moderate temperatures [69]. 

Table 1  Types of Nafion modified membranes 

 

3.6 Polyphosphazene membranes 

Polyphospheric structures are made up of nitrogen and phosphorus elements that have 
attached organic, inorganic, or organometallic side groups. Through their modifications 
across different phosphonate groups, phosphazene offers a variety of beneficial 
properties. The glass transition temperature of these polymers is low [70]. Each subunit 
contains phosphorus and nitrogen in their maximum oxidized form, making the subunits 

Type of membrane  Operating conditions Reference 
Cs+ cations doped 
Tricoli Nafion 

 Reduces the surface area of 
hydrated micellar regions, and reduces 
methanol permeability considerably 

[61] 

A fluorinated polymer 
 ethylene and propylene 
EP) or Teflon and 
rfluoroalkyl resin 
xed wit Nafion (PFA) 

 Lower the diffusion rate of 
methanol 

[62] 

The side chains of 
Nafion are changed, 
resulting in Hyflon, a 
novel perfluorinated 
membrane. 

 To increase thermal stability 
 The membrane exhibits a  greater 
glass transition temperature than 
Nafion, which allows it to fuction at 
higher temperatures without 
degradation.  
 The proportion of -CF2- groups 
in Hyflon's backbone affects the 
hydrogen bonds between water and 
sulfonic acid groups, presenting more 
water molecules needed for proton 
transport to occur. 

[63] 
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non-flammable. Phosphates have the advantage of being exceptionally resistant to the 
deprotonation reaction, making them a perfect candidate for PEM fuel cell formulations 
[71]. The combination of these features and their low cost make phosphates a good 
platform for PEM fuel cells [72]. 

3.7 Ceramic PEM 

Researchers have been focusing more and more on investigating the performance of 
ceramic materials for use in fuel cell technology in recent decades [73,74]. PEM made of 
ceramic can be classified into two types as non metallic metal oxide. Non-metal ceramic 
PEMs, like crystalline silica, have good chemical and mechanical durability, a low cost of 
construction, and great temperature tolerance. Non-metal ceramic PEM, on the other hand, 
has a substantially lower protonic conductivity than Nafion. [75].  

For metal oxide ceramic PEM  oxygen ions are the major transfer ions in metal oxide 
ceramic membranes, which are primarily used in solid oxide fuel cells. At various 
humidities, many metal oxides and metal oxyhydroxides, such as TiO2, Al2O3, BaZrO3, 
and FeOOH, have demonstrated the ability to conduct protons [76]. Both TiO2 and Al2O3 
have low protonic conductivities, similar to silica glass [77]. The protonic conductivity of 
FeOOH is substantially higher than that of TiO2 and Al2O3, and much higher than that of 
Nafion [78]. The ferroxane ceramic membranes, on the other hand, have low elasticity and 
compression resistance. Because the precursor of those membranes, lepidocrocite, has poor 
mechanical qualities, they are brittle and easily break into little pieces. 

3.8 Inorganic–organic composite PEM 

Membranes that contain an organic polymer and an inorganic solid are called inorganic-
organic membranes. Fuel cells perform better under high temperature, low relative 
humidity conditions when an inorganic phase is present because it enhances the interaction 
between components, limits dimensional change, and enhances performance. As a result, 
multiple concepts of organic and inorganic fuel cell membranes were developed and 
implemented into fuel cell stacks. A novel approach uses bimodal/spinodal 
transformations, nanoporous technologies, or nanoporous synthesis to organize the organic 
and inorganic components. 

There are two basic categories of inorganic–organic composite membranes: 

• Membranes made up of proton-conducting polymers and inorganic particles that are 
less proton-conducting. 

• Membranes made up of proton-conducting particles and organic polymers that are 
less proton-conducting 
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Nafion is generally combined with solid inorganic acids, silicon dioxides or metal oxides 
to create composite membranes because it improves the conductivity of protons and 
maintains chemical and mechanical stability at high temperatures and relatively low 
humidity [79]. 

4. Batteries 

The growing usage of variable renewable energy sources necessitates battery storage 
devices to fulfill high demand during energy consumption peaks. The energy storage will 
be essential for the future network and a carbon-free world, enabling intermittent renewable 
energy sources to supply energy to household consumers and businesses and hybrid 
vehicles. Battery storage is proving to be a promising option for electricity storage, offering 
flexibility to the system due to its unique ability to support, hold and emit electricity, as 
well as the benefits of partnering with renewable energy sources. The spatial versatility 
sets it apart from traditional energy storage technologies, such as pumping storage, 
allowing the batteries to be installed closer to their customers.  

The most fundamental barrier to widespread of marketing strategy is the cost of batteries. 
Even if stationary applications do not require a long-standing potential, the possibility of 
periodic discharge requires high output voltages, greater power density, and long service 
life. Electrochemical energy storage systems can release energy quickly if required. System 
based on redox flow batteries (RFB) offers the added benefit of versatility, making them 
one of the most attractive electrical energy storage technologies. In RFBs, different redox 
pairs such as Sn/Cl, Cr/Ti, V/Sn, Fe/Cr, and V/Fe, were examined [80]. The vanadium 
redox batteries (Fig. 1) were popular because the other methods get away from the crossing 
of contaminants as the electrolyte contains various components and, as a result, experiences 
self-discharge and loss of capacity.  

Another method is to find a new membrane technology that is usually followed by 
structural changes. The optimal membrane includes the following features: 

• Substantial ion-exchange specificity  

• Higher ionic conductance  

• A low rate of water absorption 

• The lower proportion of dilatation 

• The conductivity of high order  

• Chemically and thermally stable 

• Cost-effective 
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Figure 3  Schematic representation of a VRB system [81] 

4.1 Types of exchange membranes  

The different membrane types used in redox flow battery (RFB) systems are as follows 
(Fig. 4.): 

• Cationic exchange membranes (CEM) 

• Anionic exchange membranes (AEM) 

• Amphoteric ion-exchange membranes (AIEM) 

• Zeolite membranes 

 

Fig. 4. Classes of Exchange Membranes 
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4.1.1 Cationic exchange membranes 

In the initial phase, sulfonated polyethylene and polystyrene components were used to 
make the membranes for vanadium redox batteries. Selemion and Nafion membranes 
exhibit properties that are suitable for VRB applications [81]. The following materials have 
been widely applied to overcome the limitations of conventional membranes: 

• Polyethylene based membranes 

• Fluorocarbon based membranes 

• Nafion with polymeric composite membranes  

• Nafion with inorganic integrated membranes 

4.1.1.1 Polyethylene membranes 

Polyethylene's affordability and easy production with desirable characteristics made it the 
subject of extensive studies in the 1990s. Sulfonic acid groups are often introduced into 
these materials as cation exchange sites, resulting in proton conductivity. Sulfonic groups 
can be introduced using various reactants, for example, sulfuric acid and sulfuryl chloride 
[82]. It is possible to modify the pores of the membrane by using different polymers, 
providing lower-cost supports, and the use of polymers like Nafion to fill the pores. As a 
result, the materials costs will be reduced. Examples of affordable and readily available 
membrane supports are shown in Table 2.  

Table 2  Polyethylene Membranes [83] 

 

  

Membrane Properties 
Daramic Polyethylene with a high molecular 

weight has high strength. Furthermore, 
the material is oxidation-resistant. 

Daramic incorporated with 
divinylbenzene mixture of 
Amberilite and methanol 

Enhance the selectivity of the membrane. 

  Daramic pores  infused 
with Polysodium 4-styrene-
sulfate (PSSS)  

Increase the cation capability with 
divinylbenzene cross link. 
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4.1.1.2 Fluorocarbon membranes 

Polymers with fluorinated carbon backbones are used largely in membranes for VRB and 
fuel cells. These materials can be used as base material to enhance the stability of the VRB 
battery under oxidative conditions. Dupont Nafion and Nafion 117 are fluorocarbon 
polymers with a hydrophobic backbone similar to Teflon and hydrophilic side chains 
adorned with sulfonic acid groups [84]. Polymer names are coded with numbers that 
indicate the membrane's thickness and equivalent weight. 

4.1.1.3 Polymeric composite membranes 

Costs can be reduced by substituting cheaper materials for the Nafion. Nafion membranes 
can be laminated with poly(ether ketone) SPEEK membranes to reduce their cost. SPEEK 
has excellent conductivity, but it is chemically unstable when exposed to oxidative VO2+ 
environments. In VRB applications, coating the SPEEK material in the Nafion layer 
prevents substantial performance losses without affecting its stability [85]. A commercial 
hybrid membrane based on Nafion is now available, such as VANADion [86].  Multiple 
charges and discharges in a VANADion hybrid membrane have shown similar durability 
to Nafion 115 [87]. 

4.1.1.4 Inorganic hybrid membranes 

The surface of Nafion has polar molecule clusters in the membrane that enhance V-
crossover. Inorganic nanoparticles block these polar nanoclusters when filled with 
inorganic nanoparticles. The following are the examples of the Nafion based inorganic 
hybrid membranes: 

• A silica sol-gel was used to fill the poles in the Nafion 117 membrane. Despite the 
composite Nafion/SiO2 membrane's high protons conductivity, the IEC properties 
were preserved. The V crossover, on the other hand, was drastically reduced [88]. 

• The Nafion/ORMOSIL membrane is made up of tetraethyl orthosilicate (TEOS) and 
diethoxydimethylsilane (DEDMS). Hybrid membranes achieve superior to Nafion 
membranes in terms of efficiency  and Nafion-silica membranes as well as a reduced 
rate of self-discharge [89]. 

4.1.1.5 Polymerization of the Nafion surface 

A polymer layer can be applied to Nafion or polyelectrolytes can be deposited to reduce 
the permeability of the membrane, however, these systems may cause membrane 
inflammation. The effects of inflammation on membrane longevity are detrimental. An 
interface polymerization of polyelectrolyte polyimide can reduce swelling when placed on 
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the surface of Nafion. On the surface of Nafion, a surface cationic charge is formed by 
forming a layer that is strongly bonded with Nafion. Consequently, the membrane 
decreased crossover rate of vanadium ions, but a higher resistance per unit area. The 
membrane's lower permeability causes a reduction in water transfer and self-discharge 
[80]. Graphene materials have attracted attention in recent decades due to their excellent 
conductivity, mechanical properties, and barrier characteristics [85]. Graphene oxide (GO) 
is blended with nylon to form a well organized membrane that maintains an efficient 
barrier, preventing the electrons in the direction of the V from cross-over [85].  

4.1.1.6 Poly aryl ether membranes 

SPEEK, SPES, and SPESK are sulfonated aryl backbone polymers that could be used as 
an alternative to Nafion. The quaternary ammonium groups, , imidazole, and sulfonic acid 
can easily be incorporated into these materials to achieve excellent thermomechanical 
stability and proton permeability  [90]. The SPES, SPESK and SPEEK are attractive 
alternatives for vanadium redox battery usage due to their low cost, excellent 
electrochemical stability, and potent mechanical behavior. Depending on the amount of 
sulfonation, these materials exhibit varying proton conductivities; however, they are 
generally lower than Nafion [91].  

Cell discharge and membrane degradation cause lower membrane lifetime due to 
interactions with cationic exchange membranes and V electrolytes. It is envisaged that 
commercial membranes would be treated with organic nanoparticles, such as graphene 
oxide, to produce the most promising outcomes. Current VRB membrane technology uses 
Nafion 117, which is costly and has a high V permeability. Also, hybrid membranes made 
from Nafion and SPEEK were researched in the hopes of reducing membrane costs. One 
other promising method uses relatively inexpensive polypropylene or polyethylene 
membranes.  

4.1.2 Anion membrane 

The ionic exchange membrane (AEM) is an alternative membrane class. A positive charge 
on their functioning groups repels the positively charged species of V from the membrane. 
It is also known as the Donnan effect [92]. In spite of the AEM's reduced V permeability 
being of high interest, they are not suitable for VRB use. These AEMs exhibit reduced 
proton conductivity along with poor chemical stability, making them unsuitable for 
commercial applications. Polymer backbones and functional groups are the primary factors 
affecting membrane stability. AEM materials for VRB have recently been investigated for 
their stability and conductivity. Due to the chemical stability of polybenzimidazole (PBI), 
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it is suitable for use in VRB, which is strongly acidic and oxidative and is therefore more 
attractive [93].  

PBI also reduces water permeability by providing narrow pore sizes [94]. This type of 
membrane is also known as an acid-doped membrane. Nonfluorinated hydrocarbons 
undergo highly reactive reactions when exposed to VRB conditions due to their high 
charge. In addition, quaternary ammonium and imidazole functionalized poly(p-
phenylene) based membrane was prepared as an AEM. Results showed that quaternary 
ammonium groups were best suited to prepare the membrane. In recent years, researchers 
have focused on improving the stability of these groups by changing the polymer's 
chemical structure [95].  

4.1.3 Amphoteric ion-selective membrane (AISM) 

Membranes containing cationic and anionic selective membranes that have the combined 
features of AEMs and CEMs are known as amphoteric ion selective membranes (AISMs). 
CEMs exhibit better resistance to chemical degradation and higher conductivity, while 
AEMs exhibit lower V cross-over rates [96]. Sulphate and vanadium species can be made 
less permeable by adding both AEM and CEM properties at the same time [97]. 

4.1.4 Zeolite membranes 

Molecular separation is possible in zeolite due to their uniform porosity, which allows them 
to be used for separating molecules by selecting the shape and size of molecules that 
penetrate. Zeolites contain many Bronsted Acidic Sites, which contribute to an increased 
concentration of protons [98]. Within the configuration, these sites are created by the 
formation of Silicon-Oxygen-Aluminum linkages. VRBs made from zeolite have recently 
attracted attention for their use as membranes [99]. Proton at a high concentration and a 
lower thickness led to a high conductivity of the material [100]. The material's higher 
conductivity is due to the increased proton concentration as well as the reduced width. The 
polymer also possesses an excellent affinity for membranes because of its small pore sizes 

Conclusions 

Globally, the change in the climatic condition, especially the CO2 emission has becoming 
the impending and serious crisis. The utilization of renewable energy resources could 
reduce the environmental impact. The viable alternative to renewable energy is the 
membrane based power generation processes. In the recent years, the membrane based 
energy production has proven to be a promising technology interms of ease of operation, 
thermal,chemical and mechanical stability, and also easy scale up of operation. The bio-
polymeric membranes have shown significant results in the application of fuel cells 
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compared to the commercially available membranes. Various developments have been 
implemented in the fabrication of advanced functional membranes to enhance their 
performance, permeability, technical and economical feasibility. However, there are still 
lack of experimental results to enhance the scale up of processes. Also, the successful 
application of the process depends upon the adoptability of efficient and inexpensive 
membranes. In the past few decades, tremendous improvements have been carried out to 
increase the feasible applications of membrane based energy generation processes. In the 
future, it could be implemented successfully in large scale.  
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Abstract 

The capture of carbon dioxide directly from the air has been shown a growing interest in 
the mitigation of greenhouse gases but remains controversial among the research 
community. Due to the high dilution factor of CO2 in air, simultaneously increases the 
energy requirement as well as the charge of the respective technology. Membrane/Thin 
film technology has been conceded as the most investigated as well as most appealing 
technology to attenuate carbon dioxide from the atmosphere. The membrane and 
membrane process technique are found to be alluring and eco-friendly to mitigate the 
carbon due to its cost efficiency, low expenditure of energy as well as comprehensibility 
in operation. Traditionally, the materials are cast into dense membranes with a standard 
thickness and after the formation of the membranes, their applications such as carbon 
capture/separation are evaluated by commutation between permeability and selectivity. In 
present scenario, efficient separation of CO2 from other gases has become a worldwide 
issue. Coal/Natural/Flue gases are evolving as the primary source of CO2, so the capture of 
CO2 from the mentioned sources are extensively contemplated as the next opportunity for 
the large-scale deployment of gas separation membranes. Although, current researches 
indicate the advances in material process designs that can crucially enhance the membrane 
capture systems as well as the separation systems, which make membrane process 
technique contentious with other technologies present till date for carbon capture. The 
aforementioned application requires novel polymeric materials which have the ability for 
efficient carbon capture and possesses high CO2 separation properties from different mixed 
gases, along with high mechanical and thermal stability for a longer time. Herein, the 
present report precisely highlights the recent advancement on the membrane technology 
based on the functional materials and their applications in the field of CO2 capture. 

Keywords 
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1. Introduction 

Carbon dioxide (CO2) is a prime chemical gas present in the atmosphere, which is 
censorious to continuance of life on earth. It is the main component of photosynthesis with 
the help of which plants fuel themselves, which assist as the prime origin of food for all 
living things. Moreover, it yields oxygen which is crucial for human beings for respiration. 
Researches have proved that a little assemblage of carbon dioxide in the earth’s ambience 
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is needful, where glaciation is inhibited, thereby yielding a surrounding where plants and 
animals life can flourish. However, in this present world, mankind related to the creation 
of energy generates ampleness of carbon dioxide in the atmosphere which no longer can 
be stabilized by the earth’s natural cycles, which can cause serious environmental problems 
that confront mankind in the future. Chemical industries are always the dominant sources 
for creating global warming by increasing the average global temperature by 5.8 °C. 
According to the International Energy Agency (IEA), CO2 emission can be controlled by 
half by 2050 only when the reduction of industrial growth of CO2 occurs by 21% in 2050 
compared to today’s CO2 levels.  Global carbon outpouring has been growing expeditiously 
anticipated by the growing demands of energy output and also by the use of fossil fuel 
dominantly for energy supply [1]. CO2 is among the highest produced greenhouse gas, that 
has been directly implemented in global warming [2,3]. CO2 is also an element of biogas, 
natural gas, as well as in landfill gas. It emitted to the atmosphere from flue gas is the main 
issue contributing to climate change together with global warming. The calorific value of 
biogas or natural gas is reduced by CO2, making such gas streams corrosive and acidic, 
which leads to the removal of CO2 from such gases. Also, the apprehend of CO2 from such 
gases leads to CO2 separation technologies [4]. There is a vital importance of removing 
CO2 for the economic value and an issue of immediate investigation [5,6]. Some reports 
show natural gas formed 95% CH4 and 5% of C2H6 while biogas contains 45%-65% CH4 
and 30%-40% CO2. However, energy resources like natural gas, syngas, biogas, shale gas, 
and have impurity as CO2 which reduces the heating qualities and values of the gases, 
demands high energy utilization for the altering as well as transport of corrodes pipelines 
and other equipment's [7-10]. It is foretelling that if the enormous CO2 production persists 
in the future, it could have deleterious consequences which include rising sea levels, 
melting ice caps, weather changes, ozone layer depletion, poor air quality index, 
acidification of the ocean, and desertification, which can simultaneously harm the human 
lives, animals, plants, therefore, mitigation of CO2 is of utmost importance [11,12]. Till 
now, there are many methods present for the separation of CO2 [13-25].  

But, due to the intricacy of the gas components and conditions, various technologies 
invented so far yet suffers from higher cost, high energy consumption, and severe 
secondary pollution [26-29]. Therefore, developing new technologies to separate such 
toxic gases and fabrication of new materials and novel processes are necessary. Several 
methods investigated and evolved in the past few decades to capture CO2 from various gas 
mixtures, such as solid absorption, chemical and physical absorption, membrane, 
cryogenic, and gas hydrates chemical looping (Fig. 1). Among all the methods membrane 
separation holds many advantages like smaller unit size, lower capital and processing costs, 
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more elementary operation, better energy efficiency, more superficial up-down scaling, 
and much lower environmental impact [30]. 

 

 

Figure 1  Different modern and conventional techniques for CO2 capture. 
 

The CO2 separation from a gas mixture is conducted by numerous techniques such as 
cryogenic distillation, membrane technology, absorption, and adsorption [31]. Among all 
the separation methods, adsorption is of strategic importance in the industry. Different 
materials like carbons, molecular sieves, zeolites, metal-organic framework, and clays gain 
more attention to separate mixtures of CO2 and other gases [32-40]. Selectivity of the 
adsorption process over other separation methods is due to the unique and vital features of 
the adsorption process. Besides adsorption, membrane and membrane process is 
contemplated as one of the most appealing mechanization to mitigate CO2 emission. The 
separation of CO2 using membrane technique has accomplished as notably improved, with 
fast progress in the past decennium. The following figure (Fig. 2) shows several reported 
membrane/membrane processes placements into various classes.   
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Figure 2  Classification of membranes. 
 

Han et al., have showed the advances of using polymeric membranes and utilized the 
membranes for the capture of CO2. They mainly focused on material design and formation 
for CO2 capture. They grouped the materials on the basis of gas transport mechanism, i.e., 
facilitated transport and solution diffusion transport. Study of solution diffusion membrane 
encloses the current endeavors to shift the upper bound barrier and improved solubility of 
CO2 in divergent polymers and introduces the new procedures to fabricate the shape 
persisting macromolecules with high sieving ability. 

2. Porous polymeric membrane 

The separation of CO2 through membrane exhibits superiority over the other investigated 
traditional techniques. Although using membranes with high permeability and selectivity 
is still a significant challenge [41]. Selective utilization of porous membrane is an 
unconventional concept applied to flue/fuel streams for separating CO2. There are five 
mechanisms for separating CO2 through the permeable membrane: ionic transport, 
molecular sieve, adsorption/surface diffusion, Knudsen diffusion solution/diffusion 
separation, and capillary condensation. The membrane performances are still a challenge 
and are based on two primary characteristics; selectivity and permeability. The former one 
in this context allows gas particles to pass over the other, and the latter is the flux. Flux can 
be defined as the transfer of a definite volume of gas per unit time across the membrane. 
Gas streams can significantly affect the selectivity and permeability of a particular 
membrane due to their properties (e.g., the molecular weight of the gas component, the 
kinetic diameter of the gas molecules, velocity), synthetic material, particular method used 
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for the synthesis of the membrane. Stating pressure, temperature, and polymer 
concentration during synthesis and membrane fabrication can control the permeability and 
selectivity. The use of membranes can be an advantage for the separation process. The 
complex material based on polymer exhibits a particular attachment of a thin layer to a 
non-selective, cost-effective, thicker coating that demonstrates high mechanical strength 
[42]. 

There is tremendous progress of membranes for the separation of CO2 results in a 
considerable number of reports in the past ten years. There are reports on polymeric 
membranes, micro-porous membranes, carbon membranes, polymer blend membranes, 
ZIF membranes, MOF membranes, facilitated membranes, PEG-containing membranes, 
mixed matrix membranes, and polyimide membranes ionic membranes liquid-based 
membranes [43]. These methods for the separation of CO2 are based on biogas upgrading, 
petrochemical industry application, olefin/paraffin separation, and natural gas sweetening 
[44-62]. In most of them, the thickness of the self-standing membrane was around 50-150 
µm, and the separation performance was compared with 'Robeson upper bound' [63]. 
However, there are mainly two reasons for the disparity of such values in contrast to 
industrial values. Firstly, the prediction of pure gas measurements on an industrial scale is 
inferior, especially for CO2. Secondly, the permeation properties of composite membranes 
depend on the thickness of polymeric films, which results in different separation and 
transport performances [43,64]. There are numerous reports regarding thin-film composite, 
primary cornerstones on inorganic materials with a selective layer for gas separation. 
Therefore, it is necessary to furnish a recent advance for the separation of CO2 using 
multilayer composite membranes [43]. Polymeric separation demonstrates a very high 
permeability of CO2 with lower selectivity values comparing with other separation 
methods. However, for the CO2 separation, membranes only allow CO2 to pass through the 
membrane, excluding the other components present in flue/fuel gas streams. Fabrication of 
ultra-thin, defect-free composite achieves a high gas flux. It ensures an economically viable 
membrane for the separation of gas. The main advantage of using composite membranes 
over other asymmetric membranes is the material because of its mechanical processability 
and properties. A minimal amount of the material is needed for deposition in the composite 
membrane (0.1-2 g/m2). 
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Figure 3  Structure of multilayer composite. 
 

Composite layers contribute different functions to the membranes, and thus requirements 
of each layer are also other, as shown in Fig. 3. High mechanical strength resulting in low 
mass transfer resistance and high porosity obtained by porous support of the composite 
membrane. Additionally, such materials should be cheap as well as quickly processed into 
a permeable membrane. The selective and absorbent layers contain a gutter layer, which 
reduces the possible penetration into the membrane's pores of the coating solution and the 
surface roughness. The main separation properties of the membrane offer by the core part 
of the membrane is the selective layer. 

Along with lifetime, aging, cost, and stability, the first two main criteria for the selectivity 
of membrane material are high selectivity and gas permeance. If needed, a protective layer 
can also be employed to protect the membrane during handling and fabrication. The 
selection of layers such as protective layers, selective layers, gutter layers, and porous 
support is of significant importance.   

2.1 Porous support 

The support comprises the phase inversion method immersed in a non-solvent bath 
involving precipitation of a casting solution. However, gas separation membranes can be 
primarily prepared by using this method commercially, such as poly-sulfone (PSF) and 
polyimide (PI). With the control of the synthetic condition of membranes, the supporting 
material should possess finger-like structures or sponge-type [65]. In the phase inversion 
method, the polymer consumption is about 50 gm/m2 for asymmetric porous support where 
both the support and dense top layer are of the same material. The commercialization of 
membranes with expensive polymers is challenging if the phase inversion methods work 
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for them. Another technique is used to synthesize the not soluble polymers in commonly 
used solvents, including heating, annealing, extruding, and stretching. As a non-porous 
polymer film, heating is the melting stage followed by extruding the polymer. For the 
improvement of the crystalline structure of the polymer film (e.g., membranes like porous 
polytetrafluoroethylene (PTFE) and polypropylene (PP)), annealing is used. This 
stretching step leads to easy pore formation, and the annealed film was extended to form 
micropores [66]. As porous support, only a handful of commercial polymeric membranes 
are available. The most common porous supports are PSF, PAN, CA, PEI, PVDF, PPO, 
PP, PTFE, Teflon, etc. The coated porous support should have at least ten times much 
higher gas flux than the coated one, which corroborates the resistance of the selective layer. 
The main criterion of porous support is a smooth and clean surface for uniform and detect-
free coating. Based on the intrinsic properties, supporting medium have also contribution 
to the selectivity of the process. Simultaneously, porous support present on the material 
surface can diminish the resistance of the mass transfer.  

2.2 Gutter layer 

The porous and selective layers contain a gutter layer between them and contributes 
different characteristics for different cases. The primary purpose is to avert the diluted 
polymer solution from blocking pores and penetrating the porous structure. However, this 
layer should be smooth to coat and make it defect-free easily. The most routinely used 
polymer for the fabrication of such layer is the poly(1-(trimethylsilyl)-1-propyne) 
(PTMSP) and polydimethylsiloxane (PDMS) due to their high porosity. Nevertheless, 
PTMSP loses its performance, although highly porous, within a concise period [67,68]. 
During an operation of 14 days, 80 % reduction was observed in the PTMSP composite 
membrane casted on polyacrylonitrile (PAN) support. A drop of about 5 % was observed 
using PDMS. The most commonly used polymer for a gutter layer is the PDMS, as it is 
rubbery and is reasonably stable. To increase the long-term stability cross-linking PDMS 
polymer is most frequently used. The physical aging issue of PTMSP can also be solved 
by cross-linking.     

2.3 Selective layer 

In the separation of gases, many contrasting polymers have been studied in the last decades 
in the form of dense, thick membranes (thickness~50-150 µm) like polyamides, 
polyimides, hydrophilic polymers, and block copolymers with copious amino groups. 
There are many advantages of using a thin-film composite membrane and having 
commercial applications [69]. A thin film's superior gas transport properties can be lost by 
physical aging in a short period [70]. Poor contact in a thick membrane at the interface of 
inorganic filler/polymer causes the interfacial defects to bring enormous challenges in 
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maintaining gas selectivity. This layer offers the function of separation and is the most 
crucial part of the composite membrane. A well-known route is the mixed matrix 
membrane to enhance the properties of the polymeric membrane. Mixed Matrix 
Membranes are fabricated by inorganic filler which will be incorporated into a polymeric 
matrix. The material used should be easily constructed in to different membrane modules, 
which founds to be more competitive with the methods that were already reported for 
separation and efficiency in cost. The main criteria for the preference of such layer of a 
composite membrane are: (i) high gas permeability, (ii) high selectivity of CO2, (iii) 
resistance to aging, (iv) resistance to CO2 plasticization, (v) good thermal and chemical 
stability.  

Mechanism of gas transport can be divided into two types: one is facilitated transport of 
gases and the other one is solution-diffusion mechanism. There are no chemical reactions 
involved in the gas transport mechanism. Both solubility and diffusion of the gas contribute 
to the permeability of the gas in the solution diffusion method. Such a membrane type is 
usually engaged in the trade-off between selectivity and gas permeability. [71]. The 
transport mechanism is another mechanism involved, where a reversible reaction between 
functional groups in the membrane and CO2 occurs. 

Comparing these two membranes with relatively low driving force indicates that facilitated 
membranes have higher selectivity and permeability. Observed pressure-dependent CO2 
permeability is another characteristic. At elevated partial pressure of CO2, there is a chance 
that the mobile carriers will be saturated and because of this, mobile carriers have the 
probability to lose their transport properties, including selectivity and permeability of CO2 
over other gases. The most commonly used facilitated transport carriers are the amino 
groups which includes primary amine, secondary amine, or any sterically hindered amine). 
Polyvinyl Amine (PVAm) is the most widely and intensively explored polymeric material. 
Such polymeric material is reactive reversibly and facilitates CO2 transport where amino 
moieties are explained as 'fixed site carriers' [72,73]. Such transport includes the reaction 
of CO2 with water, promoted by the functional group present, and then convey rapidly in 
HCO3- ions.  

In contrast, gases like CH4, H2, and N2, i.e., the non-reactive gases, will exclusively 
transferred via the membranes through the solution diffusion mechanism. Thus, transport 
and high selectivity of CO2 are more significant as compared to the other gases. There are 
also reports where this transport affects the transport of ions such as potassium (K+), 
calcium (Ca2+), carboxylate group (COO−), and carbonate group (CO32−) [74-76]. CO2 
transport in membranes has also been reported to facilitate by mimic enzymes with a metal 
activation center [77,78]. 

 EBSCOhost - printed on 2/14/2023 2:02 PM via . All use subject to https://www.ebsco.com/terms-of-use



Advanced Functional Membranes  Materials Research Forum LLC 
Materials Research Foundations 120 (2022) 267-314  https://doi.org/10.21741/9781644901816-9 

 

276 

2.4 Protective layer 

In a multilayer composite selective layer can be coated with a protective layer if needed. 
The primary function of such a layer is to improve the selectivity by plug the minor defects 
in the membranes and protecting a distinct soft layer (e.g., Pebax, polyactive). Such 
modification can protect the membrane from being defaced in the fabrication process as 
well as handling, mainly in the module membrane construction with high membrane 
packing density [79,80]. 

3. Ionic liquid based membrane 

In the past few years, these liquids are considered to be one of the most developing 
candidates for separation and capture of CO2 owing to their structural features as they 
consist of anions and cations, and unique functional groups and have some exciting 
properties such as non-volatility, design ability, selectivity, and higher CO2 solubility [81]. 
Exploration of ionic liquids (ILs) in CO2 separation is based on their inherent structural 
tunability, good affinity with CO2, and novelty, which led to unprecedented interest from 
both industries and academics. ILs can capture the CO2 efficiently released from saturated 
solvents due to the absence of volatility lead to a decrease in energy consumption and 
environmental concerns than the traditional one [82]. The IL-based CO2 capture, in single/ 
multi stage, have the ability to reduce the total energy contrast to the well-known methyl 
diethanolamine (MDEA) process, including thermal energy and electricity, by 42.8 % and 
66.04 %, respectively [83]. ILs can be tuned based on their structure, creating a degree of 
freedom for designing solvents with distinct properties. Thus, designable ILs are 
considered to be efficient for cost-effective and energy-efficient capture of CO2. It can 
replace the nonvolatile solvent and circumventing solvents to go in the ejected gas in order 
to intercept the environmental pollution originated from the organic materials [84-86]. 
However, in comparison to the other organic solvents, tuned ILs are unique in nature [87]. 
The physicochemical properties of ILs can be tailored by many possible functional groups, 
anions, and cations, their CO2 separation performances [88-90]. The structural framework 
for the capture of CO2 by ILs is depicted in Fig. 4. 

3.1 CO2 selectivity in ionic liquids 

Various impurities are found to be present in natural gas, biogas, and flue gas such as CO, 
H2S, SO2, O2, CH4, N2, CO2 and H2. Therefore, the separation and purification of such 
gases are also crucial. It is of up most importance to explore the selectivity in comparison 
to other gases because the CO2 solubility data is inadequate to examine the adsorbents 
separation performance [91].   

 EBSCOhost - printed on 2/14/2023 2:02 PM via . All use subject to https://www.ebsco.com/terms-of-use



Advanced Functional Membranes  Materials Research Forum LLC 
Materials Research Foundations 120 (2022) 267-314  https://doi.org/10.21741/9781644901816-9 

 

277 

Anderson et al., in their report, used 1-hexyl-3-methyl pyridinium 
bis(trifluoromethylsulfonyl)imide [Hmpy][Tf2N], which indicate the different solubilities 
of gases. They have shown that the selectivity of SO2, CO2 is high compared to N2, O2, etc. 
[92]. The ideal gases selectivity in ILs can be determined using Henry's law under the same 
temperature for different gases [93]. Thus, selectivity for [Hmpy][Tf2N] of CO2/O2 and 
CO2/N2 is higher than the CO2/hydrocarbon selectivity because of the lower O2 and N2. 

 

Figure 4  Schematic representation for the mechanism of CO2 absorption in ILs. 

3.1.1 CO2/hydrocarbon selectivity 

Zheng et al., and Noble et al., have delineated the CH4 and CO2 solubility in imidazolium-
based traditional ILs i.e., [Bmim][Tf2N], [Bmim][dca], [Bmim][NO3], and [Bmim][BF4] 
[94-98]. This shows the higher solubility of CO2 as compared to the CH4 in some of the 
ILs. Though the selectivity value is lower than 12 in case of CO2/CH4, still inadequate to 
take part with the traditional physical absorbents sulfonate and rectisol.  

Ramdin et al., studied the solubility as well as selectivity of CO2/CH4 in different ILs based 
on ammonium, pyrrolidinium, piperidinium, and phosphonium. Among all these ILs, 
selectivity showed for CO2/CH4 are 1-butyl-1-methylpyrrolidinium dicyanamide 
[Bmpyrr][dca] and 1-allyl-3-methylimidazolium dicyanamide [Amim][dca] as the CH4 
solubility is low. Compared with the imidazole-based ILs, selectivity in different ILs is not 
significantly improved due to the simultaneous increase of CO2 and CH4 solubility [99]. 
However, with an increase in the molecular weight and free volume of ILs, the selectivity 
of CO2 is also increases. At the same time, the solubility of CH4 is not dependent on the 
molecular weight of ILs and is mainly determined by the interaction between the two [100]. 
Thus, there is a quid-pro-quo between the CO2 and CO2/CH4 for their solubility and 
selectivity.   
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3.1.2 Selectivity of CO2/Diatomic gas mixture 

The solubilities of different gases, viz. H2, CO, N2, O2 in ILs were found to be lowest for 
H2 and highest for CO2, which indicates the selectivity towards CO2. 

Jacquemin et al., under different conditions, determined the solubilities of various gases in 
[Hmim][PF6] and found some dissimilarity in their solubility with other reported works 
[101]. Despite such discrepancies, these gases with low solubilities in ILs also have 
followed the similar trend as cited above.  Due to the presence of free volume, which is 
shown by [PF6] anion, these above cited gases are better soluble in [Bmim][PF6] than those 
in [Bmim][BF4], directing to higher selectivity of CO2/CO, CO2/N2, and CO2/O2 in 
[Bmim][PF6] [102]. 

Finotello and his team mainly focused on the solubility of gases like CO2, CH4, H2, and N2 
as well as the selectivity of CO2 in ILs such as [Emim][BF4], 1-hexyl-3-methylimidazolium 
bis(trifluoromethylsulfonyl)imide ([Hmim]-[Tf2N]), 1,3-dimethyl imidazolium methyl 
sulfate ([mmim][MeSO4]) and, [Emim][Tf2N] at divergent temperatures. According to 
their studies, the selectivity of gas pairs is directly related to the smaller molar volumes of 
ILs [96].   

Shi et al., in their report, confirmed that the molar volumes of the ILs plays a major role in 
the solubility of H2, established with the help of experimental as well as theoretical studies. 
According to their report, the use of ILs with small molar volumes such as 1-ethyl-3-
methylimidazolium acetate ([Emim][Ac]) and intense interaction with CO2 to attain high 
CO2 selectivity and solubility. The result of H2 solubility in [Emim][Ac] is six times 
smaller as compared to [Hmim][Tf2N] which was confirmed by theoretical studies. The 
main reason behind the low solubility of H2 in [Emim][Ac] is the smaller volume of IL and 
the weak interaction between IL and H2 [103].   

4. Metal-organic framework (MOF) 

MOFs, due to their versatileness, are the potential candidates to be implemented in real-
time applications for carbon capture. Omar Yaghi was the first who introduced MOF to the 
scientific community in the 1990s, after that MOF becomes the most important material 
that has gained momentum being cited in renowned journals and gains countless patents 
with applications in variable fields [104-107]. Metal-Organic Frameworks are framed by 
linking of metal ions through some organic linkers forming 1d-, 2d-, 3d-frameworks with 
appealing features. The basic MOF framework along with its synthetic procedure is 
displayed in Fig. 5. The most advantageous feature about the MOFs is that they can be 
engineered to have a desirable shape with ultra-high porosity, different pore sizes, surface 
area, and they can be tuned at ease for any application [108]. Due to the above-mentioned 
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advantages, MOFs becomes the potential candidate for variable applications viz. gas 
storage [109,110], separation of gases [111,112], catalysis [113], sensing [114], drug 
delivery [115], semiconductor [116], photovoltaic device fabrication [117], etc. 

 
Figure 5  General Synthesis Scheme for Metal-Organic Framework. 

 

Concentrating on process, Carbon Capture and Sequestration (CCS), due to the highly 
tunable nature of Metal organic frameworks, they become the most appealing candidate, 
because MOFs can be specifically fabricated to capture CO2 at variable conditions with 
high selectivity. MOFs, in comparison to other porous materials, are superior as MOFs 
structure can be tuned easily to fulfill the desired application, whereas other traditional 
porous materials such as zeolites have limited structure motifs. Therefore, logical design 
[118], theoretical model development [119-122], and synthesis schemes with high 
throughput instrumentation [123-126] are the prime focus of several evaluations to predict 
systematic properties and characteristics for CCS and other applications as well. 

4.1 MOF membranes 

Membranes are the potential candidate that can be utilized in real-time applications because 
of their most advantageous features. The most appealing feature is that the membranes does 
not have any moving parts and the membranes can be utilized for continuous separation 
process. Membranes can be employed for solubility, diffusion, and adsorption of analytes 
for separation. There are several materials used for membrane fabrication which are 
explored for carbon capture application that includes both porous as well as non-porous 
structure [127]. The porous/non-porous membranes incorporated with polymeric matrices 
either discrete or on a support comprising of a combination of dissimilar matter, which are 
often denoted as hybrid membranes. These hybrid membranes can be synthesized with a 
couple of polymers mixed or phase-separated, can also include the filler particles.  

 EBSCOhost - printed on 2/14/2023 2:02 PM via . All use subject to https://www.ebsco.com/terms-of-use



Advanced Functional Membranes  Materials Research Forum LLC 
Materials Research Foundations 120 (2022) 267-314  https://doi.org/10.21741/9781644901816-9 

 

280 

The shift of powder MOFs to membranes [128] or thin films [129] has magnetized the 
attention of scientific community for variable utilization which includes Carbon Capture 
and Sequestration (CCS) [127,130-132], liquid separations [133-136], gas separations 
[137-140], and sensor related devices [141-143]. The emphasis of the aforementioned 
applications entails harvesting the characteristics of a metal organic framework to fabricate 
the membrane/device and examined their execution for real time applications. The tailored 
MOF membranes for carbon capture are envisaged to have a higher rate of selectivity for 
CO2 over N2 in high flux. Such characteristics are found to be difficult to achieved in 
capturing in the post-combustion conditions; the MOF membranes should be highly 
selective to take out at lower concentration of CO2 in the flue gas. Moreover, when flux 
flow rate is large, a large surface area is required to perform the separation application. 
Moreover, specific designs of module and packing of membranes occurred as challenge to 
scientific community for carbon capture specifics [144]. 

4.2 Performance of MOF membranes 

The implementation of gas separation membranes is governed by three factors: 
penetrability, permeation, and selectivity [127,145-148]. Penetration or permeability can 
be defined as the ability of fluids to pass through a porous material and is the change in 
concentration value of different gases that can be separated in between both the sides of 
membranes, and it is always reported by Barrer units (10-6 cm3 (STP)/cm2 s cm Hg). With 
utilization of chemical modification technique in membrane moieties, the permeability can 
be changed. Moreover, the porous/non-porous membranes can be compared with the help 
of permeability values. Concerning the solution-diffusion model, solubility (S) and 
diffusivity (D) factors are employed to calculate the permeability (P) by the equation, 

𝑃𝑃 = 𝑆𝑆 × 𝐷𝐷 

Solubility can be defined as the value which indicates the extent of a gas that solubilizes in 
the matrix of membrane, whereas the diffusivity of gas is directly associated to the volume 
that are free for polymer and gas particles of a gas stream. Permeation or permeance can 
be related to the coatings of membrane on flat surface or on the hollow fiber sheets where 
the important aspect is the width of the respective sheet. Permeance is also considered to 
compare membrane performance and is always denoted in gas permeation units (GPU). 
Other units are also present which are widely used. The conversion relationship between 
different units are shown in Table 1. The gas permeation unit is related to Barrer units as 
Barrer/Thickness. The separation factor/selectivity is defined as the correlation between 
more and the less permeable gas, that can be evaluated by using ideal gas permeabilities of 
two-variable gases (say A and B), 

𝛼𝛼𝛼𝛼 𝐵𝐵⁄ = 𝑃𝑃𝛼𝛼/𝑃𝑃𝐵𝐵 
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Moreover, for a mixture of gas, the selectivity can be evaluated by calculating the modified 
equation-  

𝛼𝛼𝛼𝛼 𝐵𝐵⁄ = (𝑋𝑋𝑖𝑖 𝑋𝑋𝑗𝑗⁄ )𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝/(𝑋𝑋𝑖𝑖𝑋𝑋𝑗𝑗)𝑓𝑓𝑝𝑝𝑝𝑝𝑓𝑓 

MTR (Membrane Technology and Research) Center’s PolarisTM is the most widely 
utilized membrane for post-combustion carbon capture [144,149]. Polaris’s membrane is a 
thin polymeric membrane with high porosity designed to support high carbon capture. In 
their reports, MTR mentioned that their membrane captures 10 times higher than other 
membranes that are available commercially, the membranes show permeance of CO2 of 
1000-2000 GPU at 23 °C and a CO2/N2 selectivity of 50-60 [144]. In addition to this, MTR 
has increased their membrane surface area (up to 1 meter) and achieved a steady carbon 
capture, conducted at a pilot plant that emits huge amount of CO2 (~1 ton per day) [149]. 
Merkel et al., have demonstrated that when selectivity of CO2/N2 is more than 30, 
membrane permeance is the most prominent factor for reduction of capture cost, more 
membrane permeance, less will be the area of membrane required which simultaneously 
leads to reduce the capture cost [144]. 

Table 1  Relation between different Gas Permeation Units 

 

4.3 Design of MOF membranes 

With the introduction of customized MOF for CCS into CO2-permeable polymers, hybrid 
material can be created that will show high performance which reflects the properties of 
both. So, with the evolution of this, researchers are quite confident of mixing the organic 
polymer with inorganic MOF to fabricate a membrane which has the ability to cross the 
Roberson upper bound for CO2/N2 [150]. The diagram below (Fig. 6) will demonstrate the 

 (GPU) 10-6cm3 
(STP) 

cm-2s-1cmHg-1 

10-7cm3 
(STP) 

cm-2s-1kPa-1 

10-10mol 
m-2s-1Pa-1 

10-3m3(STP) 
m-2h-1bar-1 

(GPU) 10-6cm3 
(STP) 

cm-2s-1cmHg-1 

 
1 

 
7.50 

 
3.35 

 
2.70 

10-7cm3 (STP) 
cm-2s-1kPa-1 

0.133 1 0.447 0.360 

10-10mol 
m-2s-1Pa-1 

0.299 2.24 1 0.806 

10-3m3(STP) 
m-2h-1bar-1 

0.365 2.78 1.24 1 
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CO2 capture by MOF membranes. The blending of porous filler moiety and organic 
polymers to produce hybrid material is also called mixed matrix membrane (MMM). 
MMMs are fabricated by utilizing varying procedures such as direct mixing [134,151], and 
in-situ methods for growing [152,153]. But the blending of polymer with MOF are 
challenging as the two layers interface are often not compatible with each other. Koros et 
al., [154] have demonstrated five non-ideal interfaces that are often observed during the 
fabrication of MMM: (1) stiffen of the organic polymer around the MOF; (2) large voids 
associated with MOFs within the MOF/polymer dispersion; (3) tiny gaps; (4) clogged MOF 
pore; (5) combination of all the above due to MOF particulate slows the gas permeability. 
For a membrane to overpass the limit of Robeson upper bound, the membrane should be 
fabricated with no or zero defects and should avoid the five interface cases. In this context, 
computational models are frequently employed to know the insight of the interface and 
compatibility of MOF and polymer [155,156]. Various instruments are also employed to 
show the interfacial defects such as Raman Spectroscopy, etc. [131]. 

 

Figure 6  Demonstration of CO2 capture by MOF Membranes. 

 

Universally there are few reports present till date to understand fully the interaction 
between the polymer and MOF composite. Moreover, all the MMM systems have different 
characteristics, due to which the idea to create membranes with no defects may not work 
universally for all the systems. Due to which a large number of fabrication techniques that 
involve chemical modification to both the MOF and the polymers are presented by different 
research groups to get a homogenous membrane where both the moieties mixed perfectly. 
However, post-synthetic adjustment of the MOFs is quite useful to enhance the interactions 
between both the moieties [151] which can lead to enhanced performance. There are other 
modification techniques present for the development of MOF, especially for CCS, which 
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includes MOF particle priming [157], polymer backbone modification [152], and reactive 
seeding of MOF precursors [139]. To get more detailed background of fabrication 
technologies of membranes, we hereby direct the reader to the references [145,158,159]. 

Asymmetric MOF membranes, in compared to the conventional MMMs, are also becoming 
potential separation membranes. Here, MOFs for thin film are deposited onto polymeric or 
ceramic supports. We hereby requested the readers to the references [135,137,140,160-
165] to gain insight into different processes which are utilized to prepare asymmetric MOF 
membranes. There are some downfalls while fabricating asymmetric membranes on 
supports like ceramic (alumina), as this process can be discovered as more costly and 
mechanically weak. While the fabrication of asymmetric MOF membranes on polymer 
support is quite easy and is cost-efficient. However, controlling the MOF and polymer 
interface can be challenging. In this context, a continuous flow synthesis method has been 
developed which has the potential to reduce the steps of the MOF preparation, which 
simultaneously reduces the cost also. This method was first implemented on scale-up MOF 
synthesis materials [166-168], and then it is applied in membrane processing [169,170]. 
Marti et al., [171] have illustrated the continuous flow process in the ZIF-8 MOF synthesis 
on the facade of Torlon Hollow fibers. Torlon is referred to as upper-level support, as it is 
mainly composed of polyimide which can resist the organic solvents and is stable at high 
pressures. ZIF-8 precursors are allowed to flow through the shell or the bore of the fiber 
with known concentration. The rate of flow generates fine membrane surface of MOF on 
the outer side of support. These membranes can show a high selectivity of CO2/N2 of 52, 
and 22 GPU high permeance. Comparing this work to others, it shows more efficient 
performance and strictly follows the green chemistry protocols. This is an example for 
many researchers to make such membranes that have application in various fields and can 
be utilized in CCS technology for higher performance values. 

4.4 MOF membranes for CCS 

Nowadays, the membrane separation technique emerges as a special separation method 
that can be used in CCS. It has many advantages as compared to other methods which 
include low cost, highly energy-efficient, recycling, and ease of operating. The insight 
mechanism of the separation method is based on molecular sieving towards the gas 
molecules. As the characteristics of the MOFs can be tuned easily to direct size-selective 
sieving effects, membranes of MOFs are evolved as the highly promising candidate for 
carbon capture, gas separation, and separation processes. The efficiency of the membranes 
of MOF towards carbon capture can be enhanced by inclusion of different functionalities 
to guide their variable interactions [172] and the post-synthetic functionalization can also 
be found as important to get improved carbon capture [172]. 
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Lai et al., have synthesized the first MOF membrane [174]. Zhu and Qui have synthesized 
the HKUST-1 MOF-membrane in a support of oxidized copper nets, which shows a good 
selectivity of H2 gas over the other gases such as CH4, CO2, N2, etc. as H2 molecules due 
to their small size in nature, can easily permeate through the membrane. The same thing is 
also confirmed by one more group [175]. Ben and his team have synthesized a stainless-
steel net/ PMMA-PMAA-supported HKUST-1 membrane. The same is also utilized in 
H2/CO2 separations from gases [176]. 

Zeolitic Imidazolate Frameworks (ZIF), which is nothing but a sub-branch of Metal 
Organic Framework, appeared as a potential moiety in the construction of membrane for 
the application in gas/hydrocarbon separation, which has a superior thermal as well as 
chemical stability and has a decent pore size of around 0.3-0.5 nm [177]. To date, different 
ZIF membranes are synthesized which have the potential for gas separation [178]. Caro 
and his team were the initial group to develop a ZIF-8 membrane and have showed 
Knudsen selectivity for H2/CO2 separation [179]. The same group has studied the 
membrane of ZIF-7 for selectivity and has concluded that they have prepared one novel 
rigid ZIF-7 membrane having nearby ~3 Å pore size [180]. A clear separation of both the 
gases is observed when H2/CO2 are in equal proportion, which are able to pass through the 
membrane of ZIF-7 [181]. The molecular sieving effect for the aforementioned system 
gives the separation factor (6.5) and gives a high value of H2/CO2 selectivity (6.7), higher 
than that of 4.7 (Knudsen separation factors). Moreover, they tried to upgrade the gas 
separation, H2/CO2 by a factor of 8.4 where the mixture contains equimolar amount of 
H2/CO2 at a temperature of 200 °C by changing the synthesis procedure. Additionally, they 
proved the separation of H2/CO2 gases through the ZIF-7 membrane can be varied with 
variable temperatures [182]. The results of the experiment were that the H2 gas permeance 
quickly with an increase in temperature, but the permeance of CO2 remains constant, which 
leads to the enhancement of separation factor from 5.4 (50 °C) to 13.6 (220 °C). 
Contrastingly, membrane of ZIF-22 which has the similar to ZIF-7 in case of pore size 
(~3.0 Å) exhibits more molecular sieving performance on separation of H2/CO2 and other 
gases as well [183]. ZIF-90 was often functionalized with different functionalities to attain 
selectivity.  In comparison to the ZIF-90 membrane, post-synthetic functionalization of the 
same [86,184] by ethanolamine can significantly enhance separation factor of H2/CO2 and 
other gases as well to ~15.7. Later on, they synthesized APTES-functionalized ZIF-90 
molecular sieving membranes that have improved separation of H2/CO2 (20) at 225 °C and 
1 bar, which shows a high thermal and hydrothermal stability [185]. ZIF-90/Torlon 
membranes are obtained by Nair et al., where membranes are formed with no defects and 
have a complete surface coverage, with a separation factor of 1.5 for CO2/CH4 and 3.5 for 
CO2/N2 [186].  

 EBSCOhost - printed on 2/14/2023 2:02 PM via . All use subject to https://www.ebsco.com/terms-of-use



Advanced Functional Membranes  Materials Research Forum LLC 
Materials Research Foundations 120 (2022) 267-314  https://doi.org/10.21741/9781644901816-9 

 

285 

MMMs, mixed matrix membranes, are nothing but the blending of MOF moieties with the 
polymer, has been explored and it emerges as an alternative strategy to obtained MOF 
membranes. Musselman et al., have successfully synthesized MMM where ZIF-8 is the 
filler phase and polymer used is Matrimid®. When the ZIF-8 loading increased to 40% 
(w/w), the permeability also continuously increases for H2, N2, CO2, O2, C3H8, CH4. 
Moreover, higher loading ratios up to 60% (w/w) of ZIF-8 into polymer Matrimid® 
enhances the selectivity for many gases. Matrimid® alone show a 2.58 factor for selectivity 
in a 1:1 H2/CO2 mixture, that increases to a factor of 7.01 at 60 % loading of ZIF-8. 
Matrimid® alone shows selectivity of 42, which was further enhanced to 89 by a 50 % 
loading ratio of ZIF-8. Mixed matrix membranes framed with PVAc (Polyvinyl-Acetate) 
and Cu-TPA framework, show higher selectivity in case of CO2/N2 as well as CO2/CH4 
separations [187]. Car et al., have synthesized the HKUST-1/PDMS and HKUST-1/PSf 
membranes with 10% (w/w) loading of HKUST-1 enhances the selectivity for CO2/N2 and 
CO2/CH4. 

5. Water facilitated mixed matrix membrane for CO2 capture 

The concept of mixed matrix membrane (MMM) emerges from the inclination of mixing 
of polymers and molecular sieves which are implemented for gas separation. The concept 
of MMM was enlarged in 2011 [188], and in the same time, organic/inorganic fillers are 
developed simultaneously. Mixed Matrix Membranes are elucidated as the inclusion of 
disseminate part onto a steady polymer part, to merge and produce new benefits. For Water 
Facilitated CO2 capture (WFCC) MMMs, the polymer employed should be an ordinary 
polymer or high-performance hydrogel or the packing should be in such a way that it can 
furnish more transport highways for carbon dioxide or can enhance the further profits of 
the membrane. Here, the minimum criteria are that at least one part should show a good 
performance in the hydrated state. 

Initial category of WFCC MMM was framed by using one inert inorganic filler and a 
hydrophilic polymer. Here “inert” refers to the filler that does not have any WFCC 
property. The thermal and mechanical stability of the filler is important so the filler is 
mainly composed of inorganic moieties [189-192]. The role that the polymer matrix does 
will be followed by the water (support) in this context. But the consequence of filler is 
complex. Xing et al., [189] have submerged fumed silica into the carrier containing the 
PVA-POS network. While increasing the loading ratios of fumed silica from 4 wt.% to 17 
wt.%, the permeability of CO2 increases along with the enhancement of selectivity of 
CO2/H2 from 65 to 87. From the above results, they concluded that the fused silicas retarded 
the loading of the polymer chains, which is in accordance with reverse selectivity 
[193,194]. Deng et al., have demonstrated the carbon nanotubes (CNTs) in PVAm-PVA 

 EBSCOhost - printed on 2/14/2023 2:02 PM via . All use subject to https://www.ebsco.com/terms-of-use



Advanced Functional Membranes  Materials Research Forum LLC 
Materials Research Foundations 120 (2022) 267-314  https://doi.org/10.21741/9781644901816-9 

 

286 

mixture showed two functions, viz., at lower pressure, CNTs slightly enhances the swelling 
of membrane due to the nano-spacer function and at higher pressure, it increases the 
swelling of membrane up to a higher strength due to the resistance against compaction 
effect. In general, CNTs improved the snit-compaction property, increases the mechanical 
strength, and enhances the separation performance of CO2. 

The second category of WFCC MMM was framed by using one active filler and an 
ordinary polymer. Here, the active filler can absorb a high quantity of water and can 
permeate more CO2 from it. Liu et al., [195] have prepared for the first time the 
polyzwitterion@CNT (polyzwitterion coated CNTs), which was further coated in 
Matrimid® 5218. Here the filler shows to enhance the water uptake capacity of the 
membrane which was further attributed by strong hydrophilicity of polyzwitterion. 
Whereas Li et al., [196] have incorporated poly(N-isopropyl acrylamide) nanohydrogels 
in the aforesaid matrix. The nanohydrogels inserted in the Matrimid® matrix act as pool 
for water which provides water for CO2 dissolution and also gives pathways for CO2 
transport. The aforementioned Matrimid®/nanohydrogel mixed matrix membranes show 
an enhance in CO2/N2 and CO2/CH4 selectivity of 52 and 61, with CO2 penetrability of 278 
Barrer, which is much better than previous MMM that shows a selectivity factor of 36 for 
CO2/CH4 and 103 Barrer CO2 penetrability. The reason behind the enhanced property is 
that the nanohydrogels are filled with water and are highly swollen, and main effective 
hydration layer was found at the CNT surface. The idea of blending nanohydrogels with a 
commercial polymer seems interesting because of the commercialization prospects as well 
as the mass transfer model.  

The third category of WFCC MMM was framed by using an active filler and a hydrophilic 
polymer. Here the no mobile carriers are present on the polymer. The mobile carriers are 
provided by the active fillers to the inner channels. The active fillers also have roles in the 
structure modifier. Dry MMMs are prepared successfully and the hydrated MMMs should 
also include inner channels. Few researches have reported the microporous filler-based 
hydrated MMMs that show better separation of CO2. Wu et al., have disseminate the 
functionalized poly-ethylenimine with MCM-41 (PEI-MCM-41) into Pebax 1657. Poly-
ethylenimine were present in the channels of pore as well as on the MCM-41 surface, which 
provides amine carriers for transport of CO2. Comparing with the MCM-41, modified 
version of MCM-41, viz., PEI-MCM-41, results in more stiffness in the polymer chain at 
the polymer-packing interface. By referring mesoporous fillers-based morphological 
structure of MMMs [197], such interfacial structure enhances the selectivity and 
permeability. In the same context, Xin et al., by using the facile vacuum-assisted method, 
have dispersed PEI into a mesoporous MIL-101(Cr), and then incorporate the obtained 
compound, i.e., PEI@MIL-101(Cr) into SPEEK. For the advantageous feature of SPEEK 
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like high mechanical strength, the loading ratio of 40 can be realized. PEI@MIL-101(Cr)-
doped membranes show a 2490 Barrer for the CO2 permeability, which is the highest as 
compared to the pristine SPEEK membrane by a 4.6-fold. In comparison to the pristine 
MIL-101(Cr), permeability, and selectivity of gases such as CO2/CH4 and CO2/N2 of 
PEI@MIL-101(Cr)-doped membranes show improvement by 62 %, 128 %, and 102 %. 
She et al., [198] has also tried by adding sulfonated MIL-101(Cr) to SPEEK. They have 
found that separation data of CO2 with comparison to that of the PEI@MIL-101(Cr) shows 
a little lower. The inclusion of sulfonated MIL-101(Cr) in membrane enhances the 
solubility of CO2 which was further accounted for the sorption enhancement effect of 
adsorbed water. Moreover, new experiments were exploited by using TiO2, a non-porous 
filler, and found that despite the surface have amines in it, still it shows the highest CO2 
permeability of 1629 Barrer only [199]. These results directly demonstrate the advantages 
provided by mesoporous fillers and incorporating such fillers in the hydrophilic matrix. So, 
by taking this into account, various researches have also been done with microcapsules as 
filler, due to their hollow structure, it can construct even more CO2 transport pathways as 
compared to mesoporous fillers [200]. 

By considering the above context, PVAm based MMMs are also exploited. Zhao et al., 
have demonstrated the disruption of the PVAm chain packing by polyaniline nanosheets 
and can furnish few weaker carriers, which simultaneously show a much higher CO2/N2 
selectivity of 120 along with higher CO2 permeance, 1200 GPU. The advantage of this is 
that, by decreasing the wet coating thickness of polyaniline nanorods, one can easily 
increase the CO2/N2 selectivity and permeance of CO2 up to 240 and 3080 GPU [201]. Liao 
et al., have successfully demonstrated an HT (hydrotalcite) channel in PVAm [202]. Here, 
the flexible carbonate acted as a semi-mobile carrier and shows a CO2/N2 selectivity and 
permeance of CO2 by 296 and 3187 GPU respectively. 

6. Hollow fiber membranes 

Spinning is a process where polymer can be converted to fiber. In hollow fiber (HF) 
fabrication technique, there is the continuous production of single as well as multiple fiber 
by means of spinneret followed by returning to the solid state through solidification process 
[203]. The varying properties of fiber form during this fabrication process depends on 
several parameters. There are two common methods used in spinning process, solution 
spinning and melt spinning [204]. The common features used in both of these methods is 
the spinneret through where a polymer sample solution as well as solvent were extruded. 
After extruding, the polymer sample retain a hollow cylindrical shape through the 
solidification process generally called as the phase inversion. Melt spinning process is used 
for those polymer materials which can be melt easily. The process includes, in an extruder, 
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heating of the polymer flakes or pellets until it melts completely which later pumps the 
liquid polymer across a spinneret to form liquid spinning dope. The filament in the 
spinneret is cooled to undergo solidification and with the help of a godet roller, final fiber 
velocity can be fixed [203,205]. Finally, for the storage, the fiber is wounded on a spool 
like a sewing thread [206]. 

On the other hand, solution spinning process [207] can be classified in two categories, wet 
and dry-wet spinning process. Wet spinning process consist of the methods where the dope 
solutions were ejected to an external bath that contains a non-solvent liquid which on later 
exchange themselves, referred to as phase inversion, that leads to the complete dismissal 
of solvent which is further followed by solidification/precipitation of the fiber. In 
solidification process, sometimes due to the improper mass transfer through the 
nonsolvent-dope interface, several voids as well as cross-sectional irregularities were 
observed which can be reduced by applying the air gap between the spinneret and end of 
the coagulation bath. This above discussed is called as dry-wet process [206]. Advantages 
of a Hollow fiber membrane over a flat membrane are that they have self-supporting 
properties which help them in reducing the complexity in fabrication of the component and 
the higher productivity, that can be related to its high area of surface with excessive packing 
density [208,209,210]. Different types of parameters that cause instability during the 
spinning of HF are draw resonance, cross-section, necking, and irregularity in fabrication 
of the fibers.  

Membrane contactor, as the name suggests, is a mechanical device consisting of a 
membrane that employs separation or chemical changes between two phases using 
selective mass transfer. For example, membrane present in gas-liquid contactor is used to 
separate two phases of gas and liquid respectively, providing sufficient contact with two 
phases without mixing them directly. The solubility of the components in the liquid phase 
provides the selectivity of the membrane and for this reason, most gas-liquid contactors are 
employed with porous membranes with high mass transfer ability. In some cases, the 
composite or asymmetric membrane with thin non-porous polymer material is also used in 
the high-pressure separation process [211,212]. To minimize the resistance during mass 
transfer, a porous hydrophobic membrane is used which allowed the gas phase to enter the 
pore instead of penetration of liquid as shown in the Fig. 7. In the membrane separation 
technique, the contact area plays a vital role that can be illustrated as the area of the 
membrane pore mouths. The operating pressure in systems must be controlled to avoid the 
intermixing between gas and liquid phase. Especially when the operating pressure is not 
equal for both phases, gas bubbles dispersion may arise which affects the rate of mass 
transfer [213]. The mass transfer ability of a porous membrane is also affected when the 
liquid layer is immobilized in the pore. Wang et al., [214] suggest that a 20 % decrease of 
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mass transfer coefficient is observed when membrane pore is 5 % wetting, while it 
increases up to 6 % when 2 % wetting of membrane pores. 

 

Figure 7  Mass transfer in a membrane contactor: symmetric hydrophobic porous 
support. 

 

If the pressure of the liquid phase surpasses a critical level, the non-wetted mode can’t be 
provided by the membrane’s hydrophobicity [215,216,217]. Therefore, pressure plays a 
crucial role in the mass transfer process and is dependent on the surface tension and also 
on the contact angle at stated operating condition. Using Laplace’s equation, pressure can 
be easily quantified- 

∆𝑃𝑃 =
2𝜎𝜎𝜎𝜎𝜎𝜎𝜎𝜎𝜎𝜎
𝑟𝑟𝑝𝑝,𝑝𝑝𝑝𝑝𝑚𝑚

 

where, ΔP is the critical transmembrane pressure, rp,max is maximum pore radius, σ is the 
surface tension of the liquid, and θ is the contact angle.  

 

 

Figure 8  Mass transfer in a membrane contactor: a) Hydrophobic Porous Asymmetric 
Support.; b) Thin non-porous layer present in asymmetric composite support. 
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Asymmetrical membranes are those where pore size is different for opposite sides. In that 
case, without dispersion also it is possible to contact two phases from one phase to another 
even when operating pressure exceed from the larger side pore.  As a result, partial wetting 
takes place from the side of large pore and gas-liquid interface appears inside the pore 
space. To increase the operating pressure of the contactor, composite membrane with 
polymer support is generally used which prevent the perforation of the liquid phase into 
membrane pore space. It can be seen that the operating pressure is further increase by using 
non-porous layer and laid the layer on the porous membrane surface (Fig. 8), however it 
must be highly permeable in order to avoid the membrane resistance to the mass transfer 
process [218-220]. Furthermore, gas-liquid membrane contactor can be utilized for 
absorption or desorption of the respective moiety in liquid absorbent (Fig. 9). For that 
hollow fiber membrane, be a promising candidate since it provides large surface area per 
apparatus volume, thus making the equipment compact.  

 

 

Figure 9  Mass transfer in a membrane contactor: a) Component absorbed from gaseous 
phase.; b) Component desorbed from the liquid phase.  

 
In addition to all the above literature, the main properties of pre- and post-combustion CO2 

capture by different membranes are summarizes in Table 2. 
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Table 2  Division and Properties of Membranes for Pre- and Post-combustion CO2 
Capture. 

Type of 
Membrane 

Membrane 
Material 

Driving Force Selectivity Permeation 

 
Polymer 

Glassy & 
Rubbery 

 
Solution Diffusion 

Selectivity 
towards 

CO2 or H2 

Low 

Mixed Matrix Moderate 
 
 
 
 
 
 
 
 

Inorganic 
Porous 

Meso 
(2-50 
nm) 

Amine 
Grafted 
Silicas 

Adsorption/Diffusion Selectivity 
towards 

CO2 

 
Low/Moderate 

 
 
 
 
 
 

Micro 
(<2 
nm) 

Amine 
functionalised 

Silicas 

Adsorption/Diffusion Selectivity 
towards 

CO2 

 
High 

 
Stabilized 

Silicas 

Molecular 
Sieving/Activated 

Diffusion 

 
Selectivity 

towards 
H2 

 
 

High 

 
Zeolites 

Adsorption/Diffusion Selectivity 
towards 

CO2 or H2 

 
High 

MOFs/ZIFs Adsorption/Diffusion Selectivity 
towards 

CO2 or H2 

Moderate/High 

Hollow Fiber 
Membranes 

Thin 
Polymeric 

Tubes 

Phase Inversion H2/CO2 Moderate 

Summary 

In the past few years, there has been a steady work going on based on polymer and their 
composite membranes and different conventional ILs based on blending and 
functionalization. The most widely used polymeric membrane for the separation of CO2 is 
the facilitated material-based membranes and glassy rubbery block polymers (e.g., Pebax, 
Polyactive). The primary mechanism of using such polymeric material is based on solution-
diffusion. To make such polymeric membranes more efficient and improve their 
performances, additives like nanoparticles, PEG, and amines with low molecular weight 
can be used. Great efforts are needed to industrialize gas separation using polymeric 
membranes. Some prospective to make these membranes efficient are developing high-
performance membrane material, eco-friendly membrane fabrication processes, testing 
under ambient conditions, long-term stability, and durability of such membranes. 
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Along with polymers, ILs also played an essential role in the absorption and separation of 
CO2. Novelty and structural tunability make ILs a valuable media to utilized in 
separation/capture of CO2. The absorption and separation of CO2 especially depend on 
permeability and selectivity, and the mechanism can be understood with experimental 
methods and molecular simulation.  However, the ILs based membranes are still new and 
are yet to be explored to persuade industrial needs.  Therefore, more researches are required 
to explore the field thoroughly. The main criteria for efficient CO2 capture are 
understanding the systematic and comprehensive relationship between ILs and CO2 and 
their physicochemical and absorption/desorption properties. Instead of rapid progress in 
this field, there is still a significant research gap. To overcome such difficulties, the main 
possible thing is to design and prepare a composite membrane of ILs and porous material 
with high selectivity, permeability, and stability. 

MOFs, due to their highly tunable nature, make them a potential candidate for CCS both 
as sorbents or membranes.  MOFs due to their higher porosity and surface area, with 
tremendous choices of metals and ligands, show potential application in CO2 capture and 
separation technology. Various researches reveal that the chemical nature of the MOFs can 
be changed on the surface, which makes them advantageous compared to other porous 
entities. Selectivity, Capacity, and regeneration are the most important factors that play 
role in the CCS process. However, investigations of these materials are ongoing, still many 
different processes and creative synthesis approaches are appearing to date. For this, the 
blending of both the chemical design and engineering strategies is still an appealing feature 
that can be implemented in real-time analysis. Within this chapter, we have discussed the 
importance of MOF membranes for CCS technology, different parameters, and how the 
appealing material can be fabricated/designed perfectly to use in the real world to mitigate 
the CO2 from the environment. In addition, we have included one new process called 
continuous flow.  

The capture of CO2 efficiently in the presence of moisture by solid medium is relatively 
new content, yet it is of up most necessary for real time applications. Various impurities 
are present in adsorbents of CO2 capture where water is quite known for the most 
unexpected impurity. In the same context, water also enables facilitated transport in some 
CO2 capture membranes. So, the use of water in CO2 capture material is worthy, moreover 
it gives the opportunity to many researchers to explore the WFCC materials. Various 
strategies are proposed to avoid the negative effects of water, but in the same time, WFCC 
membranes are widely explored. Among the various materials present till date, rigid 
framework materials are the most appealing candidate for excellent WFCC 
membranes/adsorbents. A well-established WFCC membranes have the ability to integrate 
hierarchical structures with different transport mechanism. 
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Abstract 

Sensors are modern data acquisition devices intended for detecting a specific change in the 
surrounding area and responding with an output signal. Among them, biological sensors 
(or biosensors) are of great interest due to their capacity for detecting molecules that 
indicate changes in people's health. This chapter provides an overview of the polymeric 
membranes that have novel or advanced functions in applications for the development of 
lab-on-chip or sensor technologies. Important approaches in this matter include the 
improvement of membranes as supporting medium of recognition element of the sensor, 
advances in membrane composition for protecting the integrity of target molecules, or the 
option to filter undesired components. The chapter is divided into three sections: membrane 
fabrication, molecular probes and platforms for reading sensor devices. 
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1. Introduction 

Any device with the ability to detect and respond to a physical stimulus from the 
environment can be considered a sensor. The specific stimulus could be light, heat, 
movement, humidity, pressure, or other parameters that define the physicochemical state 
of the environment (system). The response is generally a signal that is transmitted on a 
user-readable screen. 

In this sense, a device that responds to the presence of a particular chemical selectively and 
transforms the chemical quantity input into an output signal is known as a chemical sensor. 
That was defined by IUPAC in 1991 as a device that transforms chemical information [total 
sample concentration or specific component (analyte) concentration] into an analytically 
useful signal [1]. Chemical sensors consist basically of two components connected in 
series: a chemical recognition system (or receptor) and a physico-chemical transducer. The 
receptor is capable of selectively recognizing a certain analyte through a chemical 
interaction with it. The transducer is responsible for physically transforming the chemical 
signal, which is the result of the interaction between the receptor and the analyte, into 
another signal that is more easily quantifiable, measurable and manipulable. On the other 
hand, if the chemical sensor involves some kind of biological material as a receptor, then 
it is called a biosensor [2–4]. 

In the technological development of chemical sensors (including biosensors), membranes 
have played an important role, despite not being included in the IUPAC definition among 
the components of chemical sensors. A membrane should be understood as an interface 
acting as a selective barrier between two adjacent phases [5]. Its main function is to regulate 
the exchange of substances between the two adjacent phases, through the transport of 
matter within itself. The main advantage of the membrane technology is the selectivity of 
transport through the membrane, which depends on the chemical and physical structure. 
The regulation of the exchange of substances through the membranes does not require 
additives and can be carried out isothermally at low temperatures, which requires low 
energy consumption compared to other thermal separation processes. Hence, membranes 
are intended to be used as filters for concentrating and isolating analytes, but also, they 
have been used as platforms to immobilize, encapsulate or protect the receptors and 
bioreceptors, and they proved to be useful. 
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This chapter reviews recent literature on membranes specifically for their use in the 
development of sensor technologies. The chapter is divided in three sections, membrane 
fabrication, molecular probes and platforms for reading sensor devices. 

2. About sensors 

Sensors are common devices in modern data acquisition systems. Human beings use them 
everywhere on a daily basis, even if not noticing their presence, because many of them are 
smaller than a hair. They are devices or subsystems whose task is to detect a specific change 
in the environment and respond with a specific output signal. I.e., a sensor transforms a 
physical or chemical phenomenon into a measurable, easily interpreted, human-readable 
analogue or digital signal or transmitted for reading by another component or device, for 
further processing. A couple of examples of sensors that we use in everyday life, without 
having them in the mind as sensors are: (i) the microphone, which is a device that converts 
sound energy into an electrical signal, which can be amplified, broadcast or recorded; and 
(ii) a mercury thermometer, that is an old-fashioned sensor for measuring temperature. In 
a smartphone, there is an example of a system integrated by several sensors, it is a device 
that is not a sensor itself, but is loaded with several sensors such as; a fingerprint reader, 
an accelerometer, a magnetometer, or a proximity or ambient light sensor. 

Human technology has progressed dramatically and many critical processes could not be 
possible without sensor data. Sensor technology is everywhere in our homes, hospitals and 
shopping centres. Sensors manufactured for applications in hotels, homes and smart rooms 
enhance artificial environments experience and imply a reduction of services costs. This 
reduction is achieved through intelligent energy management using automatic light and 
temperature controls by using thermostats and occupancy sensors [6–11]. 

Today, there are many types of human-made sensors because we have put our skills and 
imagination into the design of an overwhelming variety of sensors; therefore, a 
classification of them is useful, as is shown in Fig. 1. 

In various research reports sensors are classified in various ways, including a review of the 
different categories of sensors[12–14]. Sensors were first classified as active and passive; 
this group is included in the category "Based on collecting data technique" in Fig. 1. Active 
sensors need external excitation energy for data acquisition, while passive sensors have no 
need for external energy to provide an output response [15,16].  

Another category used is "Based on the Application", which considers the technological 
field or the activity of its applicability, e.g.; automotive, domestic application, 
telecommunication, space, agriculture, manufacturing, for daily life, or quality of life and 
health. However, the most used category is "Based on the detection principle used", where 
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sensors are grouped into physical; chemical; thermal; and biological (biosensors, in 
abbreviated form). 

 

Figure 1  Sensors Classification 

 

Physical sensors are characterized for measuring a physical property such as force, 
pressure, acceleration, flow rate, mass, volume, or density. I.e., microelectromechanical 
systems (MEMS) are physical sensors used in the biomedical field. Whereas chemical 
sensors are defined as devices that chemically interact with a target molecule or analyte. 
According to the IUPAC, they also have two parts; the recognition element, in charge of 
identifying the analyte; and a transducer that transforms chemical information into an 
analytically useful signal (analyte concentration or/and total composition analysis)[17].  
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Biosensors are also defined by the IUPAC in a similar way to chemical sensors, with the 
main difference in the nature of the recognition element or probe; which must be formed 
by a biomolecule such as an antibody, antigen, DNA fragment, enzymatic, or 
polysaccharide. Therefore, biosensors specialize in the detection of biomolecules of 
interest in the diagnosis of diseases [1,3,4,17–19]. Chemical sensors and biosensors, both 
are used to obtain information about the activity or concentration of the relevant chemical 
species in the gas or liquid phase, with importance for the control of environmental 
contamination, food analysis, drug analysis, control organophosphate compound assays, or 
for clinical diagnostic purposes. 

For the physical sensors in some cases the membranes are an important part of these 
devices, as in the case of the sensors based on Quartz Crystal Microbalance (QCM). But it 
has been chemical sensors and biosensors that have made the best use of the sales that 
membrane technology offers to sensor development. So we will focus on QCM-type 
sensors, biosensors and chemical sensors. 

2.1 The importance of membranes as sensor components 

As mentioned in the introduction, chemical sensors have basic elements such as a receptor 
and a transducer. The receptor interacts with the analyte (target molecule) to transform 
chemical information into chemical energy and transfer it to the transducer. The transducer 
transforms the chemical energy into an energy of another physicochemical nature. This 
process is shown in Fig. 2, considering a chemical sensor interacting with a sample with n-
components.  Each component has a different chemical identity and only one of them is 
the molecule of interest for sensing, which corresponds to the analyte or target molecule. 
The analyte must approach the probes or "recognition elements" which are chemical 
molecules capable of recognizing the target. These probes can be synthesized in the 
laboratory or extracted from a natural source. The interaction between the analyte and the 
probe can be chemical or physical. If the interaction is chemical, it can be destructive as a 
chemical reaction, or non-destructive as a non-covalent interaction between the analyte and 
the recognition element. This process will generate specific chemical information from the 
interaction between analyte functional groups electrons and probe electrons. In this sense, 
biosensors are chemical sensors (they are a subgroup) whose chemical probes are 
biomolecules such as nucleic acid fragments, enzymes, proteins, or polysaccharides; 
according to the IUPAC definition [4,5,17,18]. 

The chemical energy related to the interaction between the probe and the analyte must be 
transformed into the energy of easy handling to generate a useful analytical signal. The 
transducer will convert chemical energy into light energy, fluorescent energy, acoustic 
energy, calorific energy, electrochemical energy, etc. Therefore, a user-friendly signal will 
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be produced at the transducer, as illustrated in Fig. 2. This signal must be processed later 
by a properly designed electronic system. Hence, Fig. 2 is the general representation of 
chemical sensors and biosensors depending on the nature of the probe, but in which the 
role of the membranes is emphasized. In Fig. 2, a membrane has the function of being the 
supporting medium of the recognition element, which must be immobilized and ready to 
work. In the case of biosensors, the biomolecules generally used are sensitive to the oxygen 
in the atmosphere and to other chemical compounds that may be present in the sample. 
Therefore, probes based on biomolecules must be protected from possible chemical attacks 
or unwanted interactions, and here the membranes have another great role; to encapsulate 
the probes to protect them. 

 

Figure 2  Elements and components of a typical chemistry sensor or biosensor 

 

A third role of the membranes also has been represented in Fig. 2, by placing the different 
components of the sample at different distances from the probes. This is intended to 
represent the importance of membranes to filter or separate uninteresting components from 
the target or analyte. 
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3. Membranes for sensor technologies 

The IUPAC defines membranes as structures that have lateral dimensions significantly 
greater than their thickness, through which mass transfer can occur under a variety of 
driving forces. They are continuous layers composed of a semi-permeable material, with 
controlled permeability. Therefore, the membranes can separate the components of the test 
or sample solution [20,21]. 

Biomedical applications of membranes are extensive, such as the semi-permeable 
membranes that only allow target molecules to pass through them. As well as platforms or 
support structures for other layers, to immobilization, and/or to encapsulation of sensing 
probes as illustrated in Fig. 3. They are also used as a support structure for proteins, DNA, 
and RNA within techniques such as western, southern, and northern blots, or indirect 
epifluorescence (DEFT). For this reason, device developers integrate membranes into 
sensors (particularly biosensors). Detection of pathogens or diseases (through biomarkers) 
has been achieved using some of these sensors. A classic example is the glucometer or 
glucose sensor, which can have more than two different types of membranes. 

 

Figure 3  Applications and uses of membranes in sensing technology 

 

Given the variety of applications and the different important roles that membranes must 
fulfil, their design requires a high control of various parameters, which can be grouped into 
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two major focus areas. On one hand, the physical parameters such as surface area and 
roughness, porosity (pore size and distribution), and membrane thickness. On the other 
hand, chemical parameters or characteristics such as chemical composition, functional 
groups (type and their distribution), chemical affinity, swelling, and chemisorption 
properties. 

The physical parameters of the membrane are decisive for filtration and separation 
applications; while the chemical parameters are essential for structural support. For the 
chemical sensor design, both sets of parameters are important. 

Chemical properties can be studied taking advantage of the pragmatic division that has 
been used for years, for the study of chemical compounds; i.e., membranes can be classified 
as organic, inorganic, and hybrid (composite). Some examples of the materials used in the 
manufacture of those membranes are mentioned in Table 1. 

The main function of inorganic membranes has been as a support structure, by increasing 
the sensor surface area, to carry out a capillary action, or as mediators of fluid transport by 
capillary action. As mentioned in Table 1, glass membranes also are good examples of 
inorganic membranes that have been reported [38–40] for biosensor applications. In this 
table, more examples of inorganic membranes are given; nevertheless, the reports of 
organic membranes in sensing applications are much more numerous.  

Organic membranes are used primarily as a support structure to immobilize sensing probes 
and as a filter medium. However, they are also used to microencapsulate and protect 
sensing probes or biorecognition elements such as enzymes. But they have also been used 
as a functional part of the recognition element, such as fluorescent polymeric membranes 
that are both support and chemosensor [41–43]. 

Another main difference between organic membranes and inorganic ones is the great 
variety of refilled materials for organic membranes. Cellulose derivatives, as seen in Table 
1, are one of the first materials reported for the manufacture of organic membranes used in 
the development of sensors, again, the glucometer is a good example of this. In addition to 
the materials already mentioned (Table 1), polyethersulfone, polydimethylsiloxane, 
polycarbonate, polyvinyl chloride, polyamine, polyvinylidene fluoride, nylon, 2-
hydroxyethyl methacrylate, polyacrylamide, polylactic acid, among others, are also used 
with that purpose. 
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Table 1  Examples of materials for membranes manufacturing 

Type of 
membrane Material References 

Inorganic 

Aluminum or aluminum oxide [22–25] 

Gold [26–28] 

Silver [29–31] 

Titanium oxide [32–34] 

Silicon nitride [35–37] 

Glass membranes [38–40] 

 
Organic 

Cellulose nitrate, nitrocellulose, 
cellulose acetate [2–4] 

Polyurethane [1][2–4] 

 
Hybrid (composite) 

Titanium Carbide (Ti3C2Tx) 
modified with Ag nanoparticles [31] 

 

Sometimes it is desirable to have both organic and inorganic membrane properties. Hence, 
it is not unusual to find hybrid membranes for sensing applications, which are composed 
of organic and inorganic components that effectively merge. This type of membrane can 
be of two types; (i) Organic membranes covered by a thin layer of inorganic material, 
usually, a conductor such as gold [31,40-45]; and (ii) Membranes synthesized by sol-gel 
methods to obtain structures of inorganic nanoparticles with polymer chains[13,26,30,46]. 
Finally, composite membranes are multiple layers of membranes that are stacked together 
side-to-side or vertically to comprise a whole sensor[32–38,47]. 

4. Wearable membranes sensor 

The prospects for sensor technology point towards its integration with wearable technology 
and flexible electronics; with the aim of developing portable sensors and biosensors, as less 
invasive as possible and with continuous data collection, to monitor user activities. 
Challenges in this area include standardization, device connectivity, interaction between 
multiple devices, compatibility between the gadgets and the analysis software. On the other 
hand, the growth of technology has allowed portable devices to become an everyday and 
versatile tool. Portable devices currently have several integrated sensors with which they 
acquire the data necessary to carry out the tasks for which they were created. Statistical 
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data is even collected to study our habits and preferences with the intention of improving 
the user experience[48–50]. 

Wearable or portable devices make use of wireless strategies for non-invasive, real-time 
monitoring in many applications. One of these applications that have gained special 
relevance and interest is the personalized monitoring of parameters related to health and 
fitness. These portable devices can be designed as common wearables; i.e., smartwatches, 
bracelets, hearing aids, electronic or optical tattoos, sports glasses, screens, subcutaneous 
sensors, electronic footwear and textiles. In this context, there is a keen interest in 
membrane development that improves these technologies. To achieve the efficient 
applicability of membrane technology (continuous, efficient and without losing its general 
properties), the membranes must meet specific requirements in terms of body adaptation 
and biocompatibility. Traditionally, the common approach to developing sensing 
technology was miniaturized electronics mounted on rigid platforms [13,40,49,51–53]. 

However, they have a low body adaptation capacity due to their low resistance to 
deformation and, therefore, flexible materials and membranes come into play in this new 
trend of developing wearables. To achieve the desired mechanical stability, the electrodes 
and, in general, the electronics associated with the sensors and biosensors must be flexible, 
therefore, they require the introduction of characteristics such as the ability to stretch to 
withstand mechanical deformations and the associated mechanical stress during use. 
Furthermore, these membranes must be non-toxic and biocompatible to minimize the risk 
of epithelialization or allergic reactions. In this context, the use of enzymes [54–57], 
hydrogels [6,41,58–60], and conductive polymers such as polyaniline (PANI) [61–64], 
polypyrrole (PPy) [65–67], polythiophene (PT) [68–70], or polyethylene dioxide thiophene 
(PEDOT) [43,71–74] has been reported for the development of bioelectrodes due to their 
biocompatibility, conductivity, and the presence of tunable functionalities. However, its 
application in the development of biosensors is limited by different reasons and challenges 
to overcome, such as its relative fragility; its decrease in properties against variations in 
the pH of the medium, possible degradation in toxic or reactive compounds; and in some 
cases the use of synthesis processes and complex manufacturing procedures that are 
difficult to implement outside the laboratory scale [70–76]. 

Conclusions 

The chapter describes the importance of membranes for sensing technological applications, 
including specialized selectivity, encapsulation features, and structural supporting 
properties. Materials for manufacturing membranes are used depending on the purpose of 
the specific sensor or the selected target molecule. Polymeric materials had been combined 
with inorganic materials for obtaining a greater efficiency in the sensor design. Physical 
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parameters (surface area and roughness, porosity, and membrane thickness) and chemical 
parameters (chemical composition and affinity, swelling, and chemisorption properties) 
determine membrane performance in sensing techniques. The prospects for sensor 
technology point towards its integration with wearable technology and flexible electronics, 
aiming to develop less invasive biosensors with continuous data collection to monitor user 
activities and sending those data to a health professional on a real-time basis. The 
development of membrane technology is crucial to extend the technological frontier for 
these sensing/biosensing devices and platforms. It is the polymeric membranes that will 
help take the step to the front of the wearable and portable biosensors, which promise a 
great advance in the monitoring of biometric parameters to improve the quality of life of 
the modern human. 
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