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Abstract  Membrane engineering is one of the disciplines most involved in the technological innovations nec-

essary to face the problems characterizing the world today and in future such as water shortage, raw material 

depletion, and energy consumption. Membrane operations contribute to solving these problems, and the poten-

tialities of membrane operations have been widely recognized in the last few years. In this work, an overview of 

membrane applications and their perspectives in the field of membrane materials, membrane modelling and 

water treatment will be analyzed. The scope of this study is to show how membranes, membrane operations and 

their integration could contribute to the redesign of membrane engineering in the logic of the process intensif i-

cation strategy. 

Keywords  membrane engineering, membrane materials, membrane science 

 

Introduction 

The last century has been characterized by a huge re-

source-intensive industrial development, particularly in some 

Asian countries, spurred by the growth in the global population 

level, by a significant elongation of life expectation, and by an 

overall increase in the standard and quality of life. However, the 

positive aspects realized from the industrial development have 

to be combined with the emergence of related problems such 

as water stress, environmental pollution, and increase of CO2 

emissions into the atmosphere. These negative aspects have 

been related to the lack of innovations and introduction of new 

strategies capable of both controlling and minimizing the rela-

tively obvious negative aspects of industrial development 

worldwide. Today, the evolution of industrial development re-

quires the transition from an industrial system based on quan-

tity to one based on quality. Human capital is increasingly be-

coming the driving force behind this socio-economic transfor-

mation. The challenge of sustainable growth also relies on the 

use of advanced technologies and processes. Indeed, process 

engineering is one of the disciplines most involved in the tech-

nological innovations necessary to face the new problems 

characterizing the world today and in the future as well. Re-

cently, the logic of process intensification has been suggested 

as the best process engineering answer to the situation. It con-

sists of innovative equipment, design, and process develop-

ment methods that are expected to bring substantial improve-

ments in chemical and any other manufacturing and processing, 

such as decreasing production costs, equipment size, energy 

consumption, waste generation, improving remote control, 

information fluxes, and process flexibility (Figure 1). 

 
Figure 1  Process intensification strategy. Modified with per-

mission from Jean-Claude Charpentier, Modern Chemical En-

gineering in the Framework of Globalization, Sustainability, and 

Technical Innovation, Ind. Eng. Chem. Res. Vol. 46, No. 11, 

2007. Copyright © 2007, American Chemical Society. 

The potential benefits of process intensification for the 

process industry are significant in terms of energy savings, 

reduction of CO2 emissions and enhanced cost competitive-

ness. They will significantly impact each sector of the process 

industry in one way or another. In 2009, the first attempt to 

define the fundamentals of process intensification was under-

taken by Van Gerven and Stankiewicz, and four generic princi-

ples/objectives of PI have been defined.
[1]

 Modern membrane 

engineering is an important case of process intensification and 

various membrane technologies are recognized as Best- 

Available Technologies (BATs) (Figure 2).
[2]
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Figure 2  Current social-economic and technological contest 

driving the transition toward and knowledge-intensive system to 

guarantee sustainable growth. Reprinted with permission from 

Preface and Introduction to Comprehensive Membrane Sci-

ence and Engineering, Second Edition, 2017, Pages xv-xix. 

Copyright©2017, Elsevier. 

Membrane operations, with their intrinsic characteristics of 

efficiency and operational simplicity, high selectivity and per-

meability for the transport of specific components, compatibility 

between different membrane operations in integrated systems, 

low energetic requirement, good stability under operating con-

ditions and environmental compatibility, easy control and 

scale-up, and large operational flexibility, represent an inter-

esting answer for the rationalization of chemical and any other 

industrial productions. Many membrane operations are practi-

cally based on the same hardware (materials), only differing in 

their software (methods). The traditional membrane separation 

operations (reverse osmosis (RO), microfiltration (MF), ultrafil-

tration (UF), and nanofiltration (NF), electrodialysis, pervapor- 

ation, etc.), already largely used in many different applications, 

are today conducted with new membrane systems such as 

catalytic membrane reactors and membrane contactors. At 

present, redesigning important industrial production cycles by 

combining various membrane operations suitable for separa-

tion and conversion units, thus realizing highly integrated 

membrane processes, is an attractive opportunity because of 

the synergic effects that can be attained. 

In various fields, membrane operations are already domi-

nant technologies. Interesting examples are in seawater de-

salination (Figure 3), in wastewater treatment and reuse, and in 

artificial organs. 

 
Figure 3  The world’s largest and cheapest reverse-osmosis 

desalination plant is up and running in Israel and is called Sorek. 

It provides 20% of the water consumed by Israel households. It 

produces 627,000 cubic meters of water daily. 

Large part of the membrane operations realized today at 

the industrial level are based on the approach of biomimicry, i.e., 

seeking sustainable solutions by emulating nature’s time-tested 

patterns and strategies.
[3]

 A major part of biological systems is, 

in fact, well represented by membranes, which operate mo-

lecular separations, chemical transformation, molecular recog-

nition, energy, mass and information transfer, etc. (Figure 4). 

Although some functions have been transferred at the industrial 

level with success, we have many outstanding challenges to 

reproduce the complexity and efficiency of the biological mem-

branes. 

 

Figure 4  Biological membrane functions. Encyclopæ dia Bri-

tannica, Inc. Freely accessible from https://www.britannica.  

com/science/membrane-biology/media/374264/114973 

This requires strong efforts in spreading the available 

knowledge in membrane engineering to the public and for ed-

ucating the younger generations more and more in the funda-

mental and applications of these disciplines. Indeed, an update 

of the traditional Academic Educational Systems is essential. 

For instance, the presence of Membrane Engineering courses 

in the Education Curricula of Chemistry and Chemical Engi-

neering in most part of Universities Worldwide is very limited. 

Therefore, Higher Education, particularly in Engineering, re-

quires new instruments and new approaches, in particular, 

multi-disciplinarity and global vision. A wide global cooperation 

between the Educational and Research Institutes will create 

synergies for the research and the development of innovative 

technologies.
[4]

 

In this work, we will show how membranes, membrane op-

erations and their integration could contribute to the redesign of 

membrane engineering in the logic of the process intensifica-

tion strategy. 

Materials and Membranes 

The realization of new membranes with controlled mor-

phology is an important topic for membrane technology devel-

opment also in nanotechnology applications that can further 

extend their fields of application. The ability to control pore 

sizes in the membrane preparation process can be used not 

only for highly selective separation process but also in chemical 

conversion, supplying extremely ordered and confined geome-

tries for chemical reactions. Nanoscale control of membrane 

architecture, by some well-known techniques such as lasers 

and etching, previously used in microelectronic fabrications, 

have been already used to create membrane structures at 

nano-scale level. Track etch membrane are systems, in which 

the pore size, shape and density can be varied in a controllable 

mode so that the transport and retention characteristics of the 

membrane can be modulated. 

This technology is one of the bases of an increasing num-

ber of membrane media for industrial application.
[5]

 Electrospun 

nano-fiber membranes show very interesting results, too.
[6-9]

 

In electrospinning process, the fibers formed show very 

high porosity, excellent hydrophobicity or hydrophilicity (for 

applications that do not favor hydrophobicity such as for bio-

medical applications, for reducing protein adhesion, etc.), very 

good interconnectivity and very high surface to volume ratio 

making them interesting candidates, for example, for desalina-

tion applications. Electrospinning can be performed with poly-

mer solution or melt and the properties of the mat can be tuned 

by changing the process parameters, material used and the 

applied post treatment step. Due to the possibility to use poly-

mer melt, instead of solution, electrospinning provides oppor-

tunities to make the membranes with vast variety of polymers. 

Different functional materials can be incorporated into the 

nano-fibers during or after their spinning thus incorporating 
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multi functionality into the fibers. 

Another interesting frontier in membrane technology is 

self-assembling.
[10-13]

 Self-assembly process consists in the 

regular assembly of small molecular entities into larger supra- 

molecular structures, exhibiting new functions that cannot be 

exhibited by the isolated units. The interaction between sub-

units is generally due to non-covalent bonds, such as hydrogen 

bonds, Van der Waals interactions and electrostatic forces. 

Recently, stable macroscopic membranes formed by the 

self-assembly of amphiphilic peptides, i.e., peptides with alter-

nating hydrophobic and hydrophilic residues have been pat-

ented.
[14]

 These membranes, stable in aqueous solution, serum, 

and ethanol, are highly resistant to heat, non-cytotoxic, alkaline 

and acidic pH, chemical denaturants, and proteolytic digestion. 

Some of their potential uses also include biomaterial applica-

tions such as slow-diffusion drug delivery system and artificial 

skin. 

Nanotubes are even new systems that are gaining in-

creasing attention in membrane field.
[15-17]

 The nanometric- 

scale size and the hollow, cylindrical shape of nanotubes sug-

gest that they may be used as membranes with pores on the 

order of 1—100 nm. Membranes made of precisely sized 

nanotubes, prepared via the template method, had also great 

potential for filtration and separation processes. Gold nanotube 

membranes have been successfully synthesized using a tem-

plate-based electroless plating technique.
[18]

 The enantiomer 

selector human serum albumin, immobilized on the inner sur-

face of the nanotubes through a reactive thiol, works as a bio- 

nanodevice for chiral resolution.
[19]

 

Graphene is another interesting material with several ap-

plications due to its very high strength to weight ratio.
[20,21]

 In 

addition to its use in various fields (foldable electronics, biolog-

ical engineering, composite materials, energy storage), the new 

research has shown that it exhibits amazing selective permea-

bility towards various components.
[22,23]

 For example, a 

sub-micron thin graphene oxide membrane can retain all gases 

and liquids through the membrane except water molecules. The 

separation of water from organic mixtures has been demon-

strated excellently by these membranes.
[24]

 Similarly, graphene 

membranes can selectively permeate some metals ions pre-

sent into a solution containing different types of ions.
[25,26]

 

Graphene membrane with thickness near to 1 nm has shown 

excellent selectivity towards various gases.
[27]

 Due to these 

facts combined with their high strength, it is possible to reduce 

the thickness of the graphene-based membranes tremendous-

ly. 

Biomimic membranes like aquaporin have shown a great 

potential for desalination applications due to their high perme-

ability and selectivity towards water molecules.
[28]

 Under the 

right conditions, aquaporin membranes form the water chan-

nels allowing the passage of only water molecules and exclu-

sion of all ions. 

Two-dimensional (2D) materials
[29]

 of atomic thickness 

represent the next generation membrane materials with ex-

traordinarily high permeability.
[30-33]

 2D membranes with well- 

defined transport channels and ultra-low thicknesses have 

demonstrated exceptional performance for liquid and gas sep-

aration applications. The unique atomic thickness of the mem-

brane offers ultra-low resistance to mass transport. The poten-

tial materials for 2D membranes include zeolites, mixed-organic 

frameworks, graphene, molybdenum disulfide, etc. For exam-

ple, metal-organic framework (MOF)-functionalized alumina 

membranes have been designed for seawater desalination via 

vacuum membrane distillation (VMD) by Zuo et al.
[34]

 The re-

sultant membranes possess the intrinsic advantages of alumina 

supports (such as high stability and high water permeability) 

and have also the hydrophobic surface formed by MOF func-

tionalization. N-Butylamine modified graphene oxide (GO-NBA) 

has been added in poly(vinylidene fluoride) (PVDF) flat-sheet 

and hollow fiber membranes for enhancing the mechanical 

properties and wetting resistance of pristine PVDF membranes 

to be used in membrane distillation desalination.
[35]

 

The current main challenges for the commercial scale im-

plementation of 2D membranes include limited available tech-

niques for exfoliating the high aspect ratio and intact nanopor- 

ous monolayers from bulk crystals, drilling of the pores with 

required characteristics (uniform, high-density, large-area, sub- 

nanosized) in membrane matrix and scaling up of these atomic 

scale membranes into real scale separation devices.
[36] 

Modelling of Membranes and Membrane Opera-
tions 

A good understanding of the materials properties and 

transport mechanisms, as well as the creation of innovative 

functional materials with improved properties, is key challenges 

for further development of membrane engineering, and it re-

quires further intensive research activities both at academic 

and industrial level. The progress on the design of improved 

membrane materials with tailored properties relies on the de-

tailed study and probing of the structure at the atomic or 

mesoscopic scale, depending on the nature of the material and 

the requirements of the specific application that is targeted. In 

general, the development of a new advanced material can take 

20+ years from its initial discovery to the market. A method to 

booster the discovery and the deployment of advanced materi-

als is to integrate simulations, experiments, and big data, as 

proposed by the Federal Government of the United States that 

launched the Materials Genome Initiative (MGI) in 2011.
[37]

 In 

particular, simulations are used to complement experiments in a 

range of conditions, under which experiments are hard to carry 

out, as well as to speed up the procedure of characterization of 

new materials with different formulations. Moreover, the rapid 

improvements in numerical simulation and modelling methods 

and algorithms together with the continuous increase in com-

puter speed and increasingly improvements in supercomputer 

architectures opens perspectives for accelerating the research 

and development through contributing to the two interrelated 

axes of membrane improvements that are materials research 

and process design and optimisation. However, in order to 

achieve a complete description of structural, thermal, mechan-

ical, and transport properties of membrane materials, simula-

tions have to range across several characteristic length and 

time scales, starting from fundamental physical principles and 

experimental data.
[38]

 

An important example of modelling activities refers gas 

separation. The key to success of membrane technology is 

materials with high gas permeability and high selectivity. How-

ever, there exists a permeability/selectivity trade-off, that is, 

materials with higher gas permeability often exhibit lower se-

lectivity, and vice versa.
[39]

 One direction chosen by researches 

for producing high performance membranes for gas separa-

tions, has been the development of high free volume polymers 

with enhanced rigidity of the entire polymer structure. Micro- 

porous polymers, which have pores smaller than 2 nm in size, 

such as PIM materials
[40,41]

 and thermally rearranged (TR) 

polymers,
[42,43]

 are efficient membrane materials and good 

candidates to overcome the well-known Robeson’s upper 

bound limitation between permeability and selectivity. 

Modelling activities have provided valuable insights toward 

the atomistic conformations and morphology of polymers. The 

role of backbone rigidity and bulky side groups and their ability 

to induce microporosity has been confirmed in many simulation 

studies, consistent with experimental works.
[44-48]

 Future de-

https://www.sciencedirect.com/topics/chemical-engineering/graphene
https://www.sciencedirect.com/topics/chemical-engineering/oxides
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velopments will require enhanced sorption of target gas pairs 

while maintaining the gas permeability due to their high free 

volume elements. Tuning the cavity size is quite essential for 

target gas pairs in order to increase membrane performance.
[49]

 

Other examples on how to improve membrane performances is 

to prepare sorption-enhanced materials.
[50,51]

 Solubility selectiv-

ity is determined by the relative condensability of penetrants 

and their relative affinity toward membrane materials. Solubility 

selectivity has been extensively explored for CO2/light gas 

separations by designing highly polar polymers with an affinity 

toward CO2 alone. As an example, the affinity, the miscibility 

and clusterization phenomena have been investigated in 

PEBAX block co-polymer membranes blended with the amphi- 

philic filler, N-ethyl-o/p-toluenesulphonamide (KET).
[52,53]

 Mod-

elling activities estimated the distribution and arrangements of 

modifiers into the matrix and related this to the macroscopic 

affinity behavior. 

MD simulations are extremely valuable also for improving 

the understanding of water treatment processes. Referring to 

desalination and water-reuse, simulations helped in elucidating 

some technological challenges, such as fouling of RO and NF 

membrane surfaces and the rejection of specific trace organic 

compounds that are dangerous for the environment or/and to 

human health. By creating membrane models in contact with 

water and salt solutions, useful information on the specific in-

teraction between water and PA membrane and on the struc-

ture of confined water were attained.
[54]

 The selective polyam-

ide layer of current RO membranes comprises an inhomoge-

neous tangled polymer network saturated by transmembrane 

“tunnels” and nanopores with a contorted contour and filled with 

water molecules changing in shape also at ambient tempera-

tures.
[55] 

Referring to carbon nanotubes, the first simulation on water 

conduction through the hydrophobic channel by Hammer was 

performed in 2001.
[56]

 Since that time, simulations investigated 

water transport
[57,58]

 and ion conductivity,
[15,59-61] 

the factors 

governing the membrane embedding and pore permeabil-

ity.
[62,63]

 Moreover, the variations of CNTs, e.g., in their diame-

ter
[59-61]

 or by adding functional groups or modification of ends 

of CNT
[64,65]

 or in number of walls
[66]

 were also studied setting 

the foundation for a targeted design of CNT-membrane sys-

tems. 

Membrane Processes in Water Treatment 

Membrane technology was firstly commercialized in the 

1960s and 1970s for various applications such as water filtra-

tion and pharmaceutical. Desalination by Reverse Osmosis 

(RO) entered the market only in the late 1960s when the 

membrane manufacturing process became efficient enough in 

producing desalted water and was competitive with thermal 

processes. Currently, the last projections indicate that the 

global membrane market is projected to reach USD 32.14 bil-

lion by 2020 from USD 18.68 billion in 2014, witnessing a 

CAGR (compound annual growth rate) of 9.47% between 2015 

and 2020. The Asia-Pacific region dominated the membrane 

market in 2014 and accounted for 37.21% of the global market. 

This region dominates the membrane market due to the exten-

sive usage of membranes in pharmaceutical & medical use, 

water & wastewater treatment, and chemical processing sec-

tors. The Asia-Pacific region is expected to grow at the highest 

CAGR of 12.20% between 2015 and 2020. The market for the 

Middle East Asian region is projected to witness the second- 

highest CAGR of 10.40% between 2015 and 2020 owing to the 

increasing demand for water treatment plants in the region. 

Indeed, water treatment and production are the sectors that 

account for the majority of membrane application. According to 

International Desalination Association (IDA),
[67]

 in the first half of 

2015, there were 18,426 desalination plants worldwide whilst 

88.56 million m
3
/d was the global online capacity in the first half 

of 2016. Desalination is practiced in 150 different countries and 

it furnishes desalinated water to more than 300 million people. 

Regionally, the largest gains have been seen in the Middle East 

and North Africa, driven by several large-scale projects in mul-

tiple countries throughout the region, with demand outweighing 

the economic tolls of persistently low oil prices in several coun-

tries. In terms of technology, the general trend is the adoption of 

membrane over thermal technologies, and this becomes more 

acute from 2000 to 2016 (Figure 5). 

 

Figure 5  Global situation of time evolution of membrane vs. 

thermal desalination technologies. 

The most common membrane-based desalination tech-

nologies are electrodialysis (ED) and reverse osmosis (RO). ED 

is a membrane process in commercial use for seawater or 

brackish water desalination since 1952. It is an electrically 

driven membrane operation non-economical for waters with 

high salt concentrations,
[68,69]

 rarely used for seawater desali-

nation but competitive for brackish waters with up to 3,000 ppm 

salt concentrations. However, among the desalination tech-

nologies, reverse osmosis is the most widespread.
[70,71]

 The key 

to extensive implementation of seawater RO plants has been a 

significant reduction in capital and operation/maintenance costs 

over the past 30 years. Several factors have helped in reducing 

RO energy consumption and costs, including improvements in 

membrane materials and technology (higher flux, higher salt 

rejection, lower hydrostatic pressure required and lower mate-

rials cost) and the use of pressure recovery devices. RO has 

also become less expensive than thermal processes, which 

require an electricity consumption 10 times higher.
[72,73]

 RO 

applications range from the production of ultrapure water for 

semiconductor and pharmaceutical use to the desalination of 

seawater for drinking water production and the purification of 

industrial wastewater. It is capable of rejecting nearly all colloi-

dal or dissolved matter from an aqueous solution, producing a 

permeate stream, which consists of almost pure water (due to 

the high selectivity of the existing RO commercial membrane 

modules between 99.6% and 99.8%). To date, all commercial 

RO membranes comprise polar or hydrophilic pores and only 

polymeric membranes have been employed for industrial use. 

Moreover, the most extensively used design in RO desalination 

is the spiral wound membrane module configuration (Figure 6d). 

The latter consists of consecutive layers of large membrane 

and support material in an envelope type design rolled up 

around a perforated steel tube. This design maximizes surface 

area in a minimum amount of space, contrarily to the first 

plate-and-frame type RO membrane modules of ’60 (Figure 

6a).
[74]

 Almost all the available commercial spiral wound mem-

brane modules utilize thin-film composite membranes (Fig-

ure6c). These elements consist of three layers: a sublayer 

acting as structural support (120—150 mm thick), a micropor-

ous interlayer (about 40 mm), and an ultra-thin barrier layer on 

theupper surface (0.2 mm). The support layer protects the 
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Figure 6  Time evolution of RO membranes and modules: (a) 

Prof. Sidney Loeb and engineer Ed Selover remove newly 

manufactured RO membrane from plate-and-frame production 

unit circa 1960; (b) Permasep Hollow Fiber B-10 Permeators 

from DuPont introduced commercially in Europe in 1974; (c) 

structure of a thin film composite (TFC) membrane constituting 

the most part of currently spiral wound membrane module RO 

configuration. 

membrane from ripping or breaking, while the active layer is 

responsible for almost all resistance to mass transport and the 

selectivity of the membrane. Composite membranes can com-

bine various materials and provide optimum properties de-

pending on their use. The fabrication and performance of thin 

film composite membranes have been greatly improved in the 

past few decades.
[75,76]

 Thin-film composite membranes exhibit 

water permeability of around 3.5×10
−12

·m
3
·m

−2
·Pa

−1
·s

−1
 and, as 

anticipated, can reject 99.6% to 99.8% of the salts dissolved in 

the seawater feed.
[77]

 Therefore, it is difficult to further increase 

the water permeability of these membranes without sacrificing 

rejection.
[78,79]

 This is a direct consequence of the separation 

mechanism of thin-film composite membranes, where increas-

ing selectivity to allow higher removal of ions will substantially 

reduce the membrane permeability and will increase energy 

consumption. Developing RO membranes with higher rejection 

without sacrificing water permeability will necessitate a major 

paradigm shift, as it will require membranes that do not follow 

the solution-diffusion mechanism. Various nano-structured RO 

membranes have been proposed offering attractive character-

istics and that could possibly bring revolutionary advancements 

(for example, the mixed matrix membranes, biomimetic RO 

membranes, graphene and graphene oxide, carbon nanotubes, 

ceramic/inorganic membranes, etc.). These membranes offer 

the possibility to fabricate new generations of RO membranes 

with permeability and rejection properties remarkably surpas-

sing those of existing membranes. However, the development 

of such membranes is only in the initial stages and many prob-

lems are yet to be overcome, such as the high cost of nano- 

structured materials, the difficulty in scaling up of nano-membr- 

ane manufacturing processes, the control of concentration 

polarization and fouling phenomena, because the prevalent 

strategies for their management have already penalized the 

performance of current thin-film composite membrane and, 

therefore, have been inadequate for ultrahigh permeability 

membranes. Another shortcoming of TFC membranes is that 

their fabrication technique has not been successfully extended 

to hollow fiber configurations that offer higher packing densities 

(apart from the case of the Permasep Hollow Fiber B-10 

Permeators from DuPont introduced commercially in Europe in 

1974 (Figure 6b), and the HOLLOSEP®high-pressure type HL 

hollow fiber module from Toyobo recently commercialized). 

In addition, the surface properties of thin-film composite 

membranes make them prone to fouling
[57]

 (i.e., Achilles’s heel 

of pressure driven membrane process like RO), which dimin-

ishes process performance. A possible solution is to develop 

new, thermally driven desalination (such as membrane distilla-

tion (MD) and membrane-assisted crystallization (MCr)) that 

are inherently less susceptible to fouling and concentration 

polarization phenomena compared to high-pressure membrane 

desalination methods. In MD, a hydrophobic membrane sepa-

rates a hot (feed or retentate) and cold (distillate or permeate) 

stream of water. The temperature difference produces a vapour 

pressure gradient that causes water vapour to pass through the 

membrane. Only volatile components of the feed may be 

transported from the retentate to the permeate due to the hy-

drophobic nature of the membrane. The result is a distillate of 

very high purity that does not suffer from the entrainment of 

species which are non-volatile. 

The water vapour condenses on the low-temperature side 

and pure water is formed. MD offers the attractiveness of oper-

ation at atmosphere pressure, theoretical ability to achieve 

100% salts rejection, and low operation temperatures 

(30—90 °C) (with the additional advantage of utilizing waste 

heat or other sustainable energy resources). MCr is an exten-

sion of the MD concept. In this operation, the feed solution is 

concentrated to produce crystals and pure water from 

supersatured solutions. MD and MCr are both efficient tools for 

improving seawater desalination processes: 

1. Integration of a MD unit to process RO retentate could (a) 

increase the amount of recovered water and (b) reduce the 

amount of discharged brine; 

2. Integration of a MCr unit to process RO retentate could (a) 

enhance the water recovery factor, (b) minimize the discharged 

brine and (c) produce valuable crystalline products.
[80-83,85]

 De-

tails related to the characterization of the salts produced 

through MCr operation in the treatment of NF/RO retentate 

streams as well as the analysis of the stability and control of 

MCr process can be found in references.
[85,86]

 

In addition to membrane applications in seawater desalina-

tion, also in wastewater treatment and reuse membranes rep-

resent feasible solutions for the production of a sustainable 

alternative source of water. In this field, membrane bioreactor 

(MBR), a unit combining membrane filtration with biological 

treatment, is considered a Best Available Technology (BAT) for 

wastewater treatment and recycling due to its (i) decreased 

sludge production, (ii) higher and more consistent effluent qual-

ity, (iii) compactness (up to 5 times more compact than a con-

ventional activated sludge plant).
[68] 

More recently, MBRs with MD membranes have been de-

veloped. The introduction of MDBR was due to the fact that, in 

a conventional MBR, the molecular weight cut-off of the utilized 

MF/UF membranes delivers a portion of the organic species of 

the feed. For overcoming this, high retention membrane biore-

actors, such as membrane distillation MBR (MDBR), have been 

exploited for retaining, in principle, small size and persistent 

contaminants, which facilitates their biodegradation in the bio-

reactor, thereby producing higher quality product water.
[86]

 

Other interesting integration of MD are with forward osmosis 

(FO), pressure retarded osmosis (PRO) and freeze desalination 

(FD). Forward osmosis (FO) is a membrane operation that can 

be used for removing dissolved components from water. FO 

exploits the osmotic pressure gradient across a semi-perme- 

able membrane to promote a water flow from a feed solution 

into a draw concentrated solution. Then, the latter has to be 

treated (e.g., via MD) in order to remove the clean water and 

the draw solution that will be re-utilized. FO energy consump-

tion is low because it requires only stirring or pumping of the 

solutions involved.
[87,88]

 The feasibility of a FO-MD hybrid sys-

tem has been examined by concentrating solutions containing 

valuable industrial chemicals or pharmaceuticals.
[89]

 Wang    
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et al.
[90]

 employed a bench-scale FO-MD hybrid system to treat 

highly viscous protein solution. In this FO-MD hybrid system, 

FO was employed for dewatering protein solutions, whereas 

MD was used for draw solution recovery. Another bench-scale 

FO-MD hybrid system was used to concentrate a dye solution, 

where the hybrid system efficiency was maximized by a bal-

anced water flux of the FO and MD processes.
[91]

 

PRO is a membrane technology that can be employed in 

the energy production stage. PRO utilizes the osmotic flow of 

water through semipermeable membranes from a low concen-

tration solution into a high concentration solution to drive a 

hydro-turbine, thereby generating electricity. MD can be used 

for the regeneration of the low and high concentration solu-

tions.
[92]

 

In the recent years, freeze desalination (FD) has emerged 

as another possible desalination technology. Its main ad-

vantage is that fouling issues are mild and it requires only 1/7 of 

the energy to freeze water than to vaporize it. FD drawback is 

that it is vulnerable to high feed concentrations. By contrast, 

MD is able to treat feed concentrations that are a few times 

higher than the seawater concentration without compromise on 

separation performance. The feasibility of an hybrid system 

consisting of freeze desalination and vacuum membrane distil-

lation (FD-VMD) powered by waste energy and solar energy for 

seawater desalination was investigated by Chang et al.
[93]

 Their 

results indicate water recovery as high as 74%. 

Another innovative membrane assisted operation in the 

perspective of water separation and recovery from industrial 

waste gaseous steams is Membrane Condenser.
[94-97]

 In a 

membrane condenser, the waste gaseous stream from an in-

dustrial plant at a certain temperature and, in most cases, water 

saturated, is fed to the membrane condenser kept at a lower 

temperature for cooling the gas up to a super-saturation state. 

The water condenses onto the membrane surface and the 

hydrophobic nature of the latter prevents the penetration of the 

liquid into the pores, letting the dehydrated gases pass through 

the membrane and retaining the liquid water at the retentate 

side. In comparison with other technologies, the membrane 

condensers offer higher water recovery and are not affected by 

desiccant losses, corrosion phenomena typical of traditional 

condensers or desiccant units. Compared with the dense 

membrane technology, the latter requires a high-pressure dif-

ference between the two membrane sides to promote the per-

meation of water vapour, but allows the recovery of a very pure 

stream. Moreover, the possibility of controlling, by opportunely 

tuning the operating conditions, the condensation of contami-

nants in the liquid water recovered in the retentate side of the 

membrane condenser could lead to two different options for its 

use: as a unit for water recovery, minimizing the contaminants 

content, or as the pre-treatment stage in post-combustion cap-

ture, forcing most of the contaminants to be retained. 

Integrated Distillation-Pervaporation/Vapour Per- 
meation Systems 

On the other hand, a membrane can be coupled with a 

conventional distillation column, resulting in a hybrid mem-

brane/distillation process.
[98,99]

 The combination of membrane 

processes like pervaporation and vapour permeation with dis-

tillation offers several advantages including reduction of energy 

consumption, improvement of product quality and avoidance of 

entrainers, making this technology especially suitable for close 

boiling or azeotropic mixtures.
[100]

 Most industrial applications 

have focused on the dehydration of solvents. Roza and 

Maus
[101]

 reported possible significant energy savings of up to 

50% compared to extractive and pressure swing distillation. It 

also leads to lower operating and investment costs. Fontalvo
[102]

 

showed that total cost reductions of up to 60% are possible 

using a hybrid membrane distillation process for acetonitrile 

dehydration. 

Conclusions and Outlook 

The design and development of innovative membrane- 

based integrated processes continue to increase, providing 

critical support for the future improvement of sustainable in-

dustrial growth. 

The growing interest for new materials and, specifically, for 

inorganic materials with new interesting properties such as the 

graphene family, the 2D chalcogenides are receiving strategic 

interest for new membrane preparation. The specific charac-

teristics of these materials in terms of thermal conductivity (very 

high or in some other case very low), the plasmonic phenom-

ena inducing interesting surface properties, and the mixed 

matrix membranes filled with them are examples of new areas 

of immediate research to be addressed. These new mem-

branes might be, as discussed, of particular importance for 

appropriate design of membrane and module for innovative 

new membrane assisted unit operations, such as membrane 

distillation, membrane crystallizer, membrane condenser, etc. 
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