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Preface

In the ever-increasing quest for environ-
mentally friendly and low energy separation
processes, membrane-based technologies are
rapidly overtaking the conventional thermal-
and chemical-based technologies. Since the
inception of Loeb-Sourirajan and composite
polymer membranes, membrane-based sepa-
ration technology has been able to establish a
solid foundation. Accordingly, this book
focuses on the advanced membrane science
and engineering behind the separation pro-
cesses, within the domain of polymer-based
membrane systems.

Chapter 1 is the introductory chapter of
Section 1, and it contains fundamental
aspects of polymeric microfiltration (MF)/
ultrafiltration (UF) flat sheet and hollow
fiber membranes, transport phenomena for
solute/solvent molecules, and different
types of MF/UF membranes used for dif-
ferent applications.

Chapter 2 elaborates on the use of different
polymers as raw materials for membrane
(flat sheet and hollow fiber) fabrications,
including 3D printing technique, along with
morphological characteristics. This chapter
covers the most recent advancements made
regarding the preparation, modification, and
performance of polymeric MF and UF mem-
branes for water remediation (including
industrial applications).

Chapter 3 particularly focuses on the
mixed matrix and nano-powered UF and
MF membranes. Detailed discussions on
membrane fouling, permselectivity, and
physical properties of nano-enhanced hol-
low fiber and flat sheet membranes have
been included.

Chapter 4 is the introductory chapter of
Section 2, and it contains fundamental dis-
cussion on the nanofiltration process, with
emphases on the operating principle and
transport mechanism, different types of
polymer-based nanofiltration (NF) mem-
branes, structure and configuration, and
application domain. In addition, membrane
preparation techniques for commercial NF
membranes have been discussed, along
with their properties. Limitations and key
mitigation strategies have also been
highlighted.

Chapter 5 deals with the intrinsic prop-
erties and separation mechanisms of ultra-
thin NF membranes for water treatment,
desalination, and organic solvent nanofil-
tration. Potentials of advanced polymers,
such as natural polymers, bioinspired poly-
mers, block copolymers, and intrinsic
microporous polymers, have been dis-
cussed, with focus on scalability prospects
and application viability in NF processes.

Chapter 6 covers the advances made in
various nano-enhanced NF membranes (flat
sheet and hollow fiber), prepared by incorpo-
ration of nanoscale materials (like graphene
oxide and carbon nanotubes). Applications of
mixed matrix, thin-film nanocomposites,
thin-film polymer nanocomposites, metal
organic framework—integrated  thin-film
nanocomposites, electrospun nanofibrous
polymeric membranes, etc. in water remedia-
tion have been included.

Chapter 7 is focused on the preparation
and application potential of various NF
membranes, based on dopamine, tannic
acid, and protein channels (including

xxiii
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aquaporin and lipids). It also includes
modifications of pores and surfaces of
membranes, as well as incorporation of
artificial channels within block copolymers
to fabricate biomimetic-based nanofiltration
membranes. In addition, application effi-
ciency of various smart membranes that are
pH, temperature, CO,, light and/or mag-
netic responsive, prepared using various
functional and block copolymers, has been
discussed.

Chapter 8 is the introductory chapter of
Section 3, and it is specially focused on the
fundamental aspects of polymeric reverse
osmosis (RO) and forward osmosis (FO)
membranes, transport phenomena, trans-
port models and equations, and different
types of RO and FO membranes used for
different applications. Also included are
detailed discussions on the concentration
polarization in osmotic-driven membrane
processes.

Chapter 9 reviews the commercially
available RO membranes, along with the
recent developments in advanced poly-
meric RO membranes. In addition, discus-
sion on performance-enhanced chlorine-
resistant RO membranes, based on the
modification of existing membranes as well
as synthesized new polymeric membranes,
has been included.

Chapter 10 presents a comprehensive
analysis of nano-enhanced RO membranes.
Carbon materials, metals and metal oxides,
and other nano-sized materials used for the
preparation of nano-enhanced RO mem-
brane have been discussed. The effect of
nanomaterials on the properties of the
resulting membranes, such as permeate
flux, selectivity, chlorine resistance, and
antifouling characteristics, has been ana-
lyzed, along with the comments on desali-
nation application, commercial viability,
and future scope of nano-enhanced RO
membranes.

Preface

Chapter 11 provides an overview on the
different procedures adopted and techni-
ques developed to avoid the disposal of
discarded RO membrane modules in land-
fills, and to recycle or reuse them in other
applications.

Chapter 12 provides an in-depth analysis
of flat sheet and hollow fiber FO membranes,
based on polymers. The use of various poly-
mers for fabrication of different types of FO
membranes has been reviewed. In addition,
effects of support layer, multilayer coating,
types of polymers, solvents, monomers, addi-
tives, surface modifications, and so on have
been included, along with water flux and
reverse salt flux for flat sheet and hollow
fiber FO membranes. Application potentials
of various commercial FO membranes have
also been included.

Chapter 13 comprehensively covers fab-
rication processes of flat sheet and hollow
fiber membranes that are modified by
incorporation of nanoparticles and dis-
cusses on stimuli-responsive membranes,
such as pH-responsive, electric field-
responsive, and salt-responsive mem-
branes, for water purification. The main
challenges associated with the commerciali-
zation are also discussed to identify the
future research directions.

Chapter 14 is the introductory chapter of
Section 4, and it especially deals with mem-
brane technologies based on ion transport,
using ion-exchange membranes, under
applied electrical potential gradients.
Operational principles, transport equations,
configurations, applications, and limitations
of electromembrane processes (such as elec-
trodialysis, electrodialysis reversal, selec-
tive  electrodialysis, and  capacitive
deionization) have been discussed.

Chapter 15 reviews the classifications,
preparations, and characterizations of ion-
exchange membranes. Applications of elec-
trodialysis, electrodialysis reversal, and



Preface XXV

capacitive deionization technologies for
desalination, ion removal and recovery,
deacidification and demineralization, and
preferential ion separation using
laboratory-made and commercial polymeric
ion-exchange membranes have been dis-
cussed, along with comments on separation
efficiency, energy consumption, and opera-
tional cost.

Chapter 16 focuses on the use of nano-
scale materials for the fabrication of poly-
meric nano-enhanced ion-exchange
membranes to get improved electrochemi-
cal properties and stability in industrial
applications. It particularly includes an
overview on the use of polymeric nano-
enhanced ion-exchange membranes in elec-
trodialysis, electrodialysis reversal, and
capacitive deionization processes related to
water treatment and desalination, suggest-
ing possible directions to overcome the
existing challenges in future.

Chapter 17 is devoted to the rudimentary
concepts, literature reviews on membrane
distillation (MD) development, various MD
configurations, methods to fabricate MD
polymeric membranes, MD modules, opera-
tional parameters, and challenges for miti-
gating the wetting and fouling effects.

Enriched with critically analyzed and
expertly opined contributions from several

well-known researchers around the world,
this book is likely to serve as one of the
most comprehensive and authoritative liter-
ature that has ever been published in this
field and will undoubtedly serve as a
potent source of information for those
interested in this field. Therefore, as the
editors, we believe that this book will enjoy
readerships from all concerned sectors of
our society, that is, academia, industries,
policy makers, and general public. We wish
you all an enriching reading experience!

Sanjay K. Nayak', Kingshuk Dutta” and
Jaydevsinh M. Gohil®

'Director General and Chief Executive Officer,
School for Advanced Research in Polymers-
LARPM, Central Institute of Plastic
Engineering and Technology, Bhubaneswar,
Odisha, India %Scientist, Advanced Polymer
Design and Development Research Laboratory
(APDDRL), School for Advanced Research in
Polymers (SARP), Central Institute of Plastics
Engineering and Technology (CIPET),
Devanahalli, Bengaluru, India 3Scientist,
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Foreword

It is difficult to estimate the number of
research papers starting with sentences like
“Water is life; it is essential for all human
activities” or “The availability of pure
water defines the potential for develop-
ment.” It seems that we all agree on this
point. To bring it into practice is a different
story. The need for water purification
remains critical in all parts of the world.
The scope may be different from the crave
for drinking water in refugee camps, in
slum areas, and in crowded villages to the
need of water for increased production in
industrial zones. However, it is a shared
search for water, more water, and more
pure water. Eyes are upon the technologies
that will make this possible.

Is the thirst of the world ever going to
be quenched? It is hardly likely that this
will be the case. There is the commendable
initiative of aiming at providing water for
every person on this planet, as part of the
sustainable development goals. Clean water
is considered to be a human right.
However, “human rights” do not exist,
since they are a human invention. They are
not enforceable. Categorizing the need of
water as a right may deviate the discussion
to the question of who is legally obliged to
provide this water. This may be a vulnera-
ble starting position in providing water,
while it also confirms inequality. The right
for water hides an enormous misdistribu-
tion of water sources: why would an
Australian or a Canadian have access to
much more water than a citizen of Niger or
Sudan, simply because she or he is born
there? Instead, it may be wiser not to give

water rights to anyone, but to share what
the Earth is offering us. The “water right”
then becomes a concern for all of us, and is
not a donation from the rich to the poor
anymore. It converts into a need for tech-
nologies that can optimize what we have.
Indeed, when shared equally, the average
standards of a person would decrease with
growing world population, making clear
that technological solutions are in every-
one’s interest. This is what this book is
about: water remediation, in view of shar-
ing the resources we have, with the help of
the most universal technologies that can do
this: membranes. A choice was made for
polymeric membranes, since these would
offer the broadest potential for solutions,
taking technical aspects into account, but
also economic, environmental, and societal
factors.

The book is divided into four parts. In
the first part, low-pressure technologies
(microfiltration and ultrafiltration) are
addressed in three chapters. The key ques-
tion is: what can these technologies offer us
to resolve the challenges mentioned above?
The authors of these chapters are not sitting
back to relax and look at what was done in
the past; they have addressed how mem-
branes can be fabricated in various ways,
with various polymers, for various applica-
tions. This stretches from fundamental
principles to fancy novel solutions with
mixed-matrix ~membranes and nano-
enhanced membranes.

In the second part, the attention is for
water sources requiring the removal of
smaller substances, which is typically
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necessary for low-grade water sources such
as wastewater for recycling or other
impaired water sources. Different types,
structures, and configurations are dis-
cussed, along with the use of new poly-
mers: natural polymers, Dbioinspired
polymers, block copolymers, and intrinsic
microporous polymers. This goes as far as
membrane modifications and hybrid struc-
tures with dopamine, tannic acid, and pro-
tein channels, and functional membranes
with response to various external factors.
The third part is crucial for the “water-
for-all” idea. A viable technology for desali-
nation would solve most of the threat that
not enough water is available for everyone,
particularly for the next generations to
come. Reverse osmosis (RO) is the technol-
ogy that gives hope to achieve this, with
proven performance for large-scale applica-
tions but with much room left for improve-
ment in view of developing a cost-effective,
high-performance technology that can be
applied all over the world. The six chapters
in this part take commercial membranes as
a starting point, and expand this to nano-
enhanced membranes, and other advanced
materials such as dopamine-based polymers,
rigid star amphiphilic polymers, zeolite-
channel, and CNT-induced channel-based

Foreword

bioinspired membranes; biomimetic mem-
branes; and stimuli responsive RO mem-
brane. A similar approach can be used for
integrated processes where forward osmosis
(FO) may play a role.

The last part of the book addresses non-
pressure-driven membrane technologies
such as electrodialysis, capacitive deioniza-
tion, and membrane distillation in view
of their use in water remediation. These
processes are complementary to pressure-
driven membrane processes, and one con-
clusion is that a complete portfolio of mem-
brane processes is needed for a universal
approach toward satisfying the world’s
thirst. If anything is to be declared a human
right, it may have to be the technology to
purify water, not the water itself. This book
will give you the inspiration on how this
can be done—not because we are obliged
but because consuming water with respect
for our neighbor and giving her or him the
same tools for water treatment as we have,
defines us as human.

Bart Van der Bruggen

Professor, Process Engineering

for Sustainable Systems, Department of
Chemical Engineering, KU Leuven,
Leuven, Belgium
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CHAPTER

1

Microfiltration and ultrafiltration
membrane technologies

Ananya Bardhan, Aanisha Akhtar and
Senthilmurugan Subbiah

Department of Chemical Engineering, Indian Institute of Technology, Guwahati, India

1.1 Introduction

1.1.1 Basics of membrane process

A membrane is a semipermeable barrier that allows selective permeation of one or
more constituents in the presence of chemical potential as a driving force due to differ-
ences in pressure, temperature, and concentration across the membrane surface. The mem-
brane separation phenomenon can be categorized based on the separation mechanism; for
example, the conventional filtration processes such as microfiltration (MF), ultrafiltration
(UF) are used to separate immiscible solid particles from the gaseous or liquid stream by
applying differential pressure. The separation efficiency of these membranes is the func-
tion of pore size and charge of the membrane. The advanced membrane separation pro-
cesses, such as reverse osmosis (RO) and membrane distillation (MD), separate the
dissolved solutes from liquid and selectively allow water to pass through a membrane by
diffusion mechanism. Also, few membrane separation processes combine multiple trans-
port phenomena improving the separation efficiency; for example, both nanofiltration
(NF) and electrodialysis (ED) are developed by combining the concept of membrane pore-
based separation, diffusion, and charge. In the conventional membrane process (Fig. 1.1),
the feed stream is divided into permeate/product and retentate/reject streams. The frac-
tion of feed stream that permeates through the membrane is called permeate, whereas the
fraction of feed stream rejected by the membrane is termed as retentate/reject.

The performance of membranes is determined based on their flux and selectivity at
standard operating conditions. The flux of the membrane is defined as solvent flow rate
through the membrane per unit membrane surface area. The selectivity of a membrane
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FIGURE 1.1 Schematic representation of a membrane separation process.

can be expressed in terms of retention factor (or rejection). For the liquid phase, the selec-
tivity of a membrane is expressed in terms of retention factor (R):

R=1- (Cl> (1.1)
cf

where ¢; and ¢, are solute concentrations of permeate and feed streams. R is a dimensionless
factor, ranging from 0 (complete retention) to 1 (both solvent and solute moves freely).

The permeation rate (or, flux, J) through the membrane is directly proportional to the
driving force (%), that is, Jo/(4).

Based on the driving force, the membrane processes can be further classified into
(Mulder, 1991):

1. Pressure-driven membrane process (such as MF, UF, NF, and RO)

2. Concentration driven membrane process (such as dialysis, pervaporation, membrane
extraction, and forward osmosis)

3. Temperature driven membrane process (such as MD and thermos-osmosis)

4. Electric potential driven membrane process (such as ED, electro filtration, and
electrochemical ion exchange)

On an industrial scale, the pressure-driven membrane processes are most widely used
and implemented. In the pressure-driven membrane process, the pressure gradient
between the feed and permeate side acts as a driving force for permeation. In this chapter,
we cover only the MF and UF processes.

The application of UF/MF for water purification is increasing due to its removable
capacity of bacteria and viruses from the contaminated water sources. However, irrevers-
ible fouling is the main drawback of the membrane process compared to conventional
sand filtration. The UF process can be used to remove unwanted particles that are bigger
than the membrane pore size; namely viruses, color, odor, and some colloidal natural
organic matter. Compared with the traditional water treatment process, the UF technology
has higher processing efficiency, better treatment effect, and lower energy consumption. In
many water treatment applications, to reduce the fouling intensity on the RO/NF mem-
brane, the UF/MF process is used as a pretreatment system (Li, Jiang, & Li, 2018). The

I. Water remediation using polymeric microfiltration and ultrafiltration membrane technologies
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pore size of the UF membrane varies from 1 to 100 nm, where operating pressure is in the
range of 2—10 bar. UF can retain the molecules which are more significant than its pore
size (i.e., molecular weight, M;, ~1000—80,000 Da) such as various proteins and viruses.
Polysulfone (PSU) and polyethersulfone (PES) membranes are most commonly used for
UF process.

A porous MF membrane (pore size ranging between 0.1 and 10 pm) is usually used to
retain the liquid’s fine suspended particles or colloids. These substances are composed of
organic compounds such as emulsified oily particles and reportedly MF process can effec-
tively remove 95% of the organic compounds (such as oil and grease) from the oily waste-
water (Wang, Chen, Zhang, Yin, & Wang, 2009). In the MF process, the separation occurs
by simple sieving (or size exclusion) mechanism at relatively low operating pressure
(0.1-2.5 bar). The membrane materials used for the preparation of MF membranes are
usually hydrophilic (or partially hydrophilic) polymers [such as cellulose acetate (CA),
polycarbonate, polyimide, polyamide (PA)] or hydrophobic polymers [such as polypropyl-
ene (PP)]. Materials such as PP and polyvinylidene fluoride (PVDF) are frequently used
for MF application.

1.1.2 Historical overview of ultrafiltration and microfiltration membranes

The separation and purification process is one of the critical unit operations in any
chemical process to recover the desired products. Compared to conventional separation
and purification techniques, the UF and MF processes are most widely used in various
industries due to their benefits such as easy to use, high separation efficiency, and low
energy consumption.

1.1.2.1 Microfiltration membrane

The MF membrane is used to separate impurities (such as particles, viruses, and bacteria)
with a size range of 0.1—10 pm from a solvent or low molecular weight component. In the MF
process, the separation mechanism is based on the sieving process. Compared to other filtra-
tion processes, the applied pressure in the MF process is relatively low (<2 bars). The first
commercial application of the MF membrane was in biological and pharmaceutical
manufacturing in the 1960s. MF membranes were mainly used in sterile filtration (microor-
ganisms’ removal) in the pharmaceutical industry and final filtration (particle removal) of the
rinse water in the semiconductor industry. Not so stringent as in the pharmaceutical industry,
MF was also used in the sterilization of beer and wine, and clarification of cider and other
juices. In the mid-1980s, MF was introduced to the water treatment industry because of its
cost-effectiveness in the prefiltration application. The application of MF (and UF) in water
treatment gained massive momentum after the cryptosporidium outbreak in the United States
in 1992. From 2000, desalination industry started using both MF and UF as an advanced pre-
treatment system for seawater desalination to reduce fouling potential in the RO process.

1.1.2.2 Ultrafiltration membrane

In early 1907, the UF membrane was first studied in a laboratory (or small scale) for
separation applications. The first commercial UF membrane was introduced in the
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mid-1960s by Millipore and Amicon (Ahmed, Balkhair, Albeiruttye, & Shaibaan, 2020). UF
membrane has an asymmetric porous structure. Initially, CA was one of the primary
membrane materials for preparing the UF membrane. However, due to its poor thermal/
chemical stabilities, narrow pH tolerance, and high biodegradability, the other polymeric
blends (such as aromatic PAs, PSU, PVDF, PES) were also employed. By the end of the
1980s, due to continuous R&D in hollow fiber and spiral-wound module configuration,
the conventional tubular membrane configurations were replaced with hollow fibers and
spiral-wound modules. In the early stage of UF module development, one of the prime
applications of the UF process was the recovery of electrophoretic paints from rinse water.
With tubular CA membranes, a remarkable amount of paints and water can be recovered
from rinse water without any additional thermal or chemical stability. The UF process also
plays a significant role in the dairy processing industries, ranging from recovery of pro-
tein, lactose, lactic acid from whey to concentration of milk (for dietary purposes or cheese
production). Due to its wide range of applications, the UF process covers a broad spec-
trum of the membrane market.

1.2 Membrane science and theory

1.2.1 Solute and solvent transport through microfiltration/ultrafiltration
membranes

In the membrane process, the membranes act as a semipermeable barrier that allows passage
of specific components called “solvent” while restricting certain molecules in a mixture called
“solute”. The ability to control the rate of permeation of solvent species selectively in the mem-
brane is one of the essential properties of the membrane.

Based on the membrane cross-sectional structure, they are categorized as symmetric
and asymmetric. The symmetric membrane structure provides a uniform pore size across
the membrane thickness. The asymmetric membrane has two layers, namely a dense sepa-
ration layer and the support layer. MF membrane is always symmetric in nature; but to
reduce solvent flow resistance in UF membrane, they are fabricated with a thick porous
support layer and a thin dense separation layer. In an MF membrane, the solvent flow
resistance is generated by a symmetric support layer. In contrast, in UF membranes, the
dense top layer provides more resistance to solvent transport than the support layer.

Fig. 1.2 represents the possible pore geometry in a porous membrane. The membrane pores
can form either a straight parallel cylindrical channel or an irregular network of channels con-
nected internally from one end of the membrane to another. In another aspect, the membrane
is made of a spherical particle, the membrane channel across the membrane thickness. In par-
allel cylindrical channel geometry, each cylindrical channel’s length is equal and almost equal
to the membrane thickness. Assuming all pores have a similar radius, the volume flux (J,)
through these pores may be described by the Hagen—Poiseuille equation:

_er* (AP
Jo= 8 (E) (1.2)
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FIGURE 1.2 Characteristic pore geometry in porous membranes.

The solvent flux (J) is proportional to the driving force (pressure difference, AP) across
a membrane of thickness Ax, and is inversely proportional to the viscosity, 7. The surface
porosity, €, can be defined as the ratio of pore area to the membrane area (A,,) multiplied
by the number of pores (1,). For cylindrical pores, the pore tortuosity (7) is equal to unity.
The Hagen—Poiseuille equation provides solvent flux through membranes with parallel
cylindrical pores.

Similarly, for a membrane with a system of closely packed spheres, the Kozeny—Carman
equation can describe the volume flux:

g3 AP
v == — —_— 1 .
J KnS*(1—¢)’ (Ax ) (13

where ¢ is the volume fraction of the pores; S is the internal surface area; and K is the
Kozeny—Carman constant, which depends on the shape of the pores and tortuosity.

In porous membranes such as UF and MF membranes, the permeation mechanism
occurs by (1) dissolution of permeating molecules in the membrane, (2) diffusion of dis-
solved molecules, and (3) desorption of penetrant molecules to the downstream side. The
permeation also occurs due to the gradient of pressure. The transport models for the MF
and UF membranes are the Knudsen flow (or Knudsen diffusion) and friction models.

Depending on the membrane material, the solvent permeation mechanism varies. The
solute particle and membrane pore size determine the component that will be retained or
permeated through the membrane (Fig. 1.3).

If an asymmetric membrane (or composite membrane) is used for solvent and solute
separation, the solvent and solute molecule diffuses from the high to the low-pressure
side. Depending upon the membrane structure, the transport of the molecules through
the membrane can be explained through the friction model.

It is another approach used to describe transport through the porous membrane. This
model considers porous membranes, and the solvent and solute passage occurs through
both viscous flow and diffusion. In the given model, the pore size is assumed to be so
small that the solute molecule cannot pass freely through the membrane pores. During
transportation of solvent—solute molecule through membrane channels, the friction occurs
between (1) solute molecule and pore size; (2) solvent and pore wall, and (3) solute and
solvent. The frictional force (F) per mole is directly proportional to the velocity difference
(or relative velocity). Here, the proportionality factor is called the frictional coefficient, f.

I. Water remediation using polymeric microfiltration and ultrafiltration membrane technologies



8 1. Microfiltration and ultrafiltration membrane technologies

FIGURE 1.3 Permeation of solute molecules through the membrane
O depending on the size of the molecules.

Considering the permeation of the solvent and solute through a membrane and assum-
ing the membrane as a frame of reference (i.e., v, = 0), the frictional force between solute
and pore wall can be expressed as:

Fon = — fom(Vs — ) = — fom¥s 1.4)
The frictional force between solvent and pore wall can be expressed as:
Fom = — fuom(Uw — Un) = — fom¥uw (1.5)
The frictional force between solute and solvent can be expressed as:
Foo = — fa(vs — Uw) (1.6)
The frictional force between solvent and solute can be expressed as:
Fus = = fus(Vw — 0s) (1.7)

The subscripts s, w, and m represent solute, solvent, and membrane, respectively. The
terms fon, fum, fsw, and fus represent the interaction between the solute-membrane, solvent-
membrane, solute-solvent, and solvent-solute, respectively.

The frictional force per mole of solute is given by:

Fop = _fsmvs = _fsm <Cl_qm) (1.8)

If we define a parameter b that relates the frictional coefficient between the solute-
membrane, f,, and solute-solvent, fs,, then the term b can be expressed as:

The solute flux can be given as:

RT (dcgy, ComUs
= - + :
Js Foub < T ) A (1.10)
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The coefficient for distribution of solute between the bulk and the membrane is given
by:

K= Sm (1.11)
c

The fractional coefficient between the solute and solvent, f;,, can be written as:
Doy = — (1.12)

where Dy, is the diffusion coefficient for the solute in dilute solutions.

The friction factor, b, is significant when the friction between the solute and the mem-
brane, f;,, is greater than friction between the solute and the solvent, fy.

The term solute rejection,

R_P ™G _q_ (Cf) (1.13)
Cp Cp

The relationship between rejection (R) and flux (J,) is given as follows:

R=1—<C—”>=1—<]s> (1.14)
cs cflo

where permeate concentration can be expressed as: ¢, = ]—Z
By substituting J; = ¢;(1 — o), + % in Eq. (1.14), we get:
wAT+ (1 — a)]vﬁ} _ (1—-o0)X wAT

1-— - (1.15)
cflo cr crlo

|

1.2.2 Concentration polarization

Both UF and MF membranes are porous, and separation occurs based on the size differ-
ence between solute molecule and membrane pore. These pores allow the solvent and the
smaller molecules (smaller than the membrane pore size) and retain back the more giant
molecules (larger than the membrane pore size). Concentration polarization (CP) is one of
the essential phenomena in all membrane processes, and it cannot be nullified. It is
defined as the ratio between solute concentration in the membrane surface and solute con-
centration in bulk solution. It usually varies between 1 and above. To reduce the fouling
potential on the membrane surface, the CP should be maintained near to 1 such that depo-
sition of fouling component can be minimized. Due to CP, the true rejection by the mem-
brane is consistently higher than observed rejection from experimental results.

The true rejection (Ry,,) membrane can be calculated by estimating the actual concen-
tration of solute on the membrane surface by using film theory as given below:

Cyy — C
Rippe = (f’"c”> X 100
fin

where Cy, is the concentration of solute at the membrane surface.
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According to film-theory model, the solute molecules are transported toward membrane
surface due to convective solvent flux across the membrane pores. But due to membrane
selectivity, the solute molecules are stopped near the membrane surface, and their concen-
tration will be increasing higher than the bulk feed concentration. Due to solute concentra-
tion differences in the CP layer, the solute molecule will diffuse from membrane surface to
bulk solution. At steady state, solute balance at CP layer is given below:

dcC
s = ]vcp —Dag (E) (1.16)

Boundary conditions:
x=0;C=Cfandx =L,C=Cp,

By integrating the above mass balance equation, the concentration of solute at mem-
brane surface can be calculated as given below:

Cin = o) _ )

The hydraulic/water permeability of the UF and MF membranes can be calculated by using
the pure water flux data. The water flux is calculated by using permeate mass versus experi-
mental time data. The hydraulic permeability can be calculated from Hagen—Poliseuille’s
Eq. (1.2) as given below:

nnrt AP
= —2— 1.18
81 (1.18)
ol e
L= 4Ap 5. (1.19)

where [y, 1y, 1, AP, 1, i, A, L, and ¢ are water flux, pore radius, pore surafce density,
trans-membrane pressure, membrane thickness, viscosity, area of the membrane, hydraulic
permeability constant, and surface porosity, respectively.

The average hydraulic radius (r,) can be calculated using:

0.5 0.5
Fo = (8“Lp> = <8“L;> (1.20)
S 9

For the case of composite membrane, the effective thickness of the membrane is not
known. Therefore the water permeability (L,) can be calculated from the slope of the per-
meate water flow versus TMP.

The above-presented mass transport model for UF/MF membrane is applicable to lig-
uid phase solvent transportation. However, in the membrane process like MD, the perva-
poration solvent is transported across the micropores membrane in vapor form. The
membrane transport model for vapor transport through micropores membrane is pre-
sented in respective chapters.
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1.2.3 Membrane material and geometry

Cellulose acetate is the first membrane material. These cellulose materials are made of
two glucose molecules, and each molecule is associated with three hydroxyl groups. The
base of the UF membrane can be produced by replacing the hydroxyl group with the ace-
tyl group. In the early days, casting of UF membrane was done by using the CA solution.
The CA powder is dissolved in the acetone solution, where a small amount of magnesium
perchlorate is added as a swelling agent. There is some limitation of cellulose acetated
membrane specifically on resistance to chlorine. Based on the type of membrane materials
used for the fabrication of the membrane, they are classified as polymeric or organic mem-
brane and ceramic or inorganic membrane.

The polymeric membrane is reported to have the following advantages while compar-
ing with others: relatively cheap, manufacturing is easy, and availability of a wide range
of pore size. Because of these advantages, many industries use polymeric membranes for
various applications such as clarification, concentration, and wastewater treatment. Apart
from the merits mentioned above, there are some limitations on operating conditions
(temperature, pH, chlorine tolerance) of the polymeric membrane that can hinder these
membranes’ application. The various other materials that are used to fabricate the
polymeric membrane are PES, PA, PSU, PP, PVDF, and so on. In the early 1980s, the inor-
ganic membrane or ceramic membrane were commercially used because of their advan-
tages over the polymeric membrane (chemical, thermal stability, high mechanical
strength). MF and UF ceramic membranes are well established and available in the mar-
ket. The ceramic NF/UF membranes are under development for many applications by
applying a special dense layer coating on MF membrane as porous support. The inorganic
or ceramic MF and UF membrane are fabricated with a combination of inorganic materials
such as kaolin, v-alumina, titanium, a-alumina, and zirconia. Generally, the ceramic mem-
brane thickness is in the range of 2—5 mm; but depending on the specific application of
the membrane, it can vary beyond this limit. A thin film of 10—100 pm of ceramic coating
is done over the symmetric porous support to fabricate the ceramic UF membranes. Even
though the ceramic membranes are expected to have a long life than the polymeric mem-
brane for high fouling causing applications, they are more expensive than the polymeric
membrane, and this is observed to be the most significant disadvantage in the application
of the ceramic membrane.

Depending on the membrane geometry, the UF and MF membrane configurations can
be classified as flat, tubular type, spiral-wound, and hollow-fiber configuration.

The flow channels between the flat sheet membrane are in the range of 0.5—2.5 mm wide,
and the diameter of the tube in the tubular membrane range from 6 to 25 mm. Both spiral-
wound and hollow-fiber modules are invented to achieve a high membrane surface area per
unit volume. The hollow-fiber module is widely used in UF/MF applications because it does
not require a dense separation layer. But in the case of RO/NF membrane, a dense separation
layer is a must, and due to the nonavailability of low-cost hollow fiber (HF) membrane with a
dense layer, spiral-wound module made of flat sheet membranes are widely used in the
industry. For example, Toyoba is the only supplier for hollow-fiber cellulose triacetate (CTA)
membrane for commercial RO applications. And many players are supplying UF/MF hollow-
fiber modules for commercial applications—GE, Dow, Hifulx, etc.

I. Water remediation using polymeric microfiltration and ultrafiltration membrane technologies



12 1. Microfiltration and ultrafiltration membrane technologies

1.2.4 Mode of operation in the membrane process

Different modes of operation are adopted in the membrane separation process to
improve hydrodynamics near the membrane surface—namely, dead-end, cross-flow, and
hybrid-flow filtration.

In dead-end filtration mode (Fig. 1.4), the feed is tangentially pressurized through the
membrane surface and permeate is collected from the other side of the membrane. In
the dead-end filtration process, the solute molecules are expected to accumulate on the mem-
brane surface; thus a stable filter cake grows in the membrane surface, resulting in an increase
in solvent flow resistance through the membrane and cake layer. The accumulation of solute
molecules leads to a decrease in membrane efficiency due to the clogging of the membrane’s
pores. Generally, the dead-end flow configuration is used in a batch separation process or lab-
scale experimental setup. For example, the dead-end filtration process is used for precious
metal catalyst filtration in hydrogenation reaction; silicon tetrachloride filtration in polysilicon
production; the concentration of lithium fluoride, liquid food, and catalyst in aqueous solution
and caprolactam production. The dead-end filtration mode needs cleaning the accumulated
solutes on the membrane’s surface after achieving critical flux. This mode of filtration is
recommended for the solute concentration process. When the feed is less fouling in nature, a
dead-end filtration mode is employed in the MF clarification process. In some of the practical
applications of membrane filtration, the accumulation of renitent particle is so severe that the
dead-end filtration process becomes impractical, and other mode of filtration, that is, cross-
flow filtration is applied so that the tangential flow of the cross-flow mode can shear away
the accumulated particles from the surface of the membrane.

In the dead-end filtration process, a high concentration of solute particles accumulates
adjacent to the membrane surface, resulting in flux reduction with operating time. The
dynamic flux of dead-end filtration can be calculated as given below:

1\ dv AP
J= <Am> JF T uR, A RY (1.21)
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FIGURE 1.4 Dead-end filtration.
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where |, Ay, AP, u, Ry, and R.(=Ma) represents the flux, membrane area, TMP, mem-
brane resistance, cake resistance, and specific resistance, respectively.
In the dead-end filtration, the mass of the cake grows since

M=VCyt (1.22)

where C,, V, and t represent the feed concentration, permeate volume, and time,

respectively.
t R,u CpouV
== + .
%4 (APAm> (ZAPA%) (1.2

The cake resistance is dependent on the specific resistance and the specific resistance is
dependent on cake voidage. It is sensitive to the structure of the cake and forces that are
dominant during the formation of the cake. In the case of dead-end filtration of colloidal
substances, the specific resistance is a function of the concentration of feed, initial filtration
velocity, and ionic environment.

(I-9)

Q=180 P

(1.24)

In the cross-flow filtration mode (Fig. 1.5), the feed flows parallel to the membrane sur-
face. That creates turbulence near the surface and enables better mixing of solutes between
bulk feed and near the membrane surface layer. This turbulence minimizes the CP and
provides optimal solvent flux, and the filtration continues for a long time without mem-
brane regeneration. The cross-flow mode operation is widely used in all industrial mem-
brane separation processes to reduce fouling intensity.

In hybrid-flow filtration (Fig. 1.6), both dead-end and cross-flow filtrations are com-
bined discretely to achieve some of the specialized requirements. For example, some of
MF/UF based separation processes are operated in two phases, that is, (1) filtration and
(2) regeneration phase. In the filtration phase, membrane is operated either on dead-end
or cross-flow mode. In the regeneration phase, membrane is flushed in cross-flow mode or
backwashed in dead-end mode.

Permeate 9 . L) ’
» [ [ ]
[l L]
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@
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00 o0 .L layer. no cake layer formation
) ; ]
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FIGURE 1.5 Cross-flow filtration.
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Permeate Perineite FIGURE 1.6 Hybrid-flow filtration.
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1.2.5 Fouling in microfiltration and ultrafiltration membranes

The performance of the UF and MF membrane process is governed by the various models
described above. All those models are derived based on the kind of interaction between mem-
brane, solute, and solvent. In the membrane filtration process, the pore blocking leads to
increased membrane resistance to filtration and reduces the flux at constant pressure operating
conditions. These models are used to interpret the fouling phenomena of the membrane during
the filtration operation.

The permeate flux through MF/UF membrane pores can be calculated using
Hagen—Poliseuille’s equation [Eq. (1.2)].

AP

Jo R,y (1.25)
where J,, AP, u, and R,, represent the permeate flux, TMP, permeate viscosity, and
hydraulic resistance of the membrane. From Eq. (1.25), it is seen that resistance is directly
proportional to the TMP and inversely proportional to the viscosity. When the particles
are larger than the size of the pore and the active membrane area is blocked, then the com-
plete blocking model is considered; in this case, the permeate can be increased by increas-
ing the TMP (driving force) which is dependent on feed velocity.

Similarly, if the particles are smaller that the size of pore. Then also the fouling may
occur due to internal pore-blocking. The particle enters into the pores and gets either
deposited or adsorbed inside the pore wall. As a result, the pore volume reduces and then
the internal pore-blocking model is considered. Here, the membrane resistance is increased
due to the pore size reduction. The internal pore blocking is independent of the velocity of
the feed. The fouling mechanism can be described by the partial pore-blocking model,
where the particle might bridge the pore but not completely block the pore. The effect of
partial pore blocking is similar to that of internal pore blocking. Another type of fouling
mechanism occurred where the formation of the cake occurred on the surface of the mem-
brane by the particle that does not enter the membrane’s pores. In this case, overall resis-
tance is the resistance offered by the membrane plus the cake resistance. The mathematical
model for MF/UF process based on the above described pore-blocking mechanism is sum-
marized in Table 1.1.

The fouled UF and MF membrane performance after cleaning can also be calculated by
using the flux decay coefficient equations, flux recovery ratio, and resistance removal
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TABLE 1.1 Various models of ultrafiltration and microfiltration membranes to predict the flux.

Name of the model Mathematical model
Complete pore blocking model InJ Y =In(;") + kit (1.26)
Standard pore blocking model ]_0'5 =]y 05 4 kot (1.27)
Internal pore blocking model J = To Ut kit (1.28)
Cake filtration J2=]2+Kt (1.29)
J = flux with operating time; ], = intitial flux at t = 0; f = time; k = constants where subscripts “b,” “s,” “i,” and “c” represent

complete, standard, internal pore blocking, and cake filtration, respectively.

equations. Flux recovery ratio (FRR) or resistance removal (RR) can determine membrane
cleaning efficiency. Cleaning efficiency can be concluded from the higher repeatability of
FRR. It is better to clean the membrane when the flux decay coefficient (m) reaches
approximately 90% at different operating conditions. The flux recovery (FR) can be calcu-
lated as follows:

FR = (]—C> X 100% (1.30)

Jn
where J. and ], represent pure water flux permeability of cleaned membrane and pure
water permeability of new membrane.

If the value of FR is greater than 100%, it is an indication of membrane damage due to
cleaning. For conventional cleaning operation, the value of FR should be lesser than 100%.
After every cleaning, it is not sure that the flux can be restored to a new membrane with
the current cleaning procedure. The permanent loss in the flux is calculated in terms of
flux decline (FD) percentage.

FD = (1 - ;—C> X 100% (1.3D)

0

Therefore the addition of FR and FD should be always 100%. The membrane fouling is
an unavoidable phenomenon that occurs on membrane surfaces, which leads to the
decline of membrane flux. Therefore it is essential in almost all applications that the mem-
brane is cleaned at regular intervals using appropriate advanced process control algo-
rithms (Chew et al,, 2018). Typical membrane maintenance activities are (1) physical
cleaning, (2) chemical cleaning, and (3) partial or total replacement of membrane module
(Lin, Lee, & Huang, 2010).

1.2.5.1 Regeneration by physical cleaning

Physical cleaning methods use mechanical forces to dislodge and remove deposits from
the membrane surfaces and pores. Conventional physical methods include forward and
reverse flushing, backwashing, air flushing, sponge ball cleaning, and CO, back perme-
ation (Ebrahim, 1994). Unconventional methods for physical cleaning include ultrasound
(Muthukumaran, Kentish, Stevens, & Ashokkumar, 2006), electrical, and magnetic fields
(Tarazaga, Campderros, & Padilla, 2006). The unconventional methods are yet to be
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proven in operating water and wastewater treatment plants or in domestic water purifica-
tion applications.

Hydraulic cleaning is done to remove the foulant with turbulent cross-flow across the
surface facing the retentate side. Backwashing is done by using reversed flow pushed
from the permeate side to feed of membrane. It loosens up or dislodges the foulant from
the membrane pore and losing fouling cakes and are is usually done for a membrane that
can withstand reverse permeate flow to remove debris that was blocking the pores and
attached sludge cake. Backwashing is more effective than forwarding flashing. The
removal of short-term fouling contents like a big flock can only be removed from the
membrane surface by backwashing. One of the disadvantages of the backwashing/back-
flushing (Fig. 1.7) is that it requires more energy. In the back-flushing process, the deio-
nized water (DI water) can provide better cleaning because the ions present could reduce
the removal efficiency of natural organic fouling.

Air backwashing is usually not used in the UF membrane due to the size of the air bub-
ble (100 nm—1 pm), which is double higher than the average pore size of the UF mem-
brane. Air sardine is typically used for UF for cross-flow but not for dead-end filtration.
For UF membrane, the air back-flushing is usually not preferred because the size of the
air-bubble (100 nm to 1 pm), which is twice the average pore-size of the UF membrane.
The disadvantage of this technique is that uniform airflow through the whole membrane
is not possible. Compressed air may cause membrane damage at high pressure.

In the UF and MF membrane filtration processes, the solute concentration increases on the
membrane surface, resulting in increased energy consumption due to the requirement of high
pressure pumping to overcome the resistance of the fouling layer (Hilal, Kochkodan, Al-Khatib,
& Levadna, 2004). The fouling of the membrane is caused by the organic molecules, inorganic
materials (Na, Mg, Al, Si, P, and K), and microorganisms. The irreversible fouling takes place
(compression of the cake layer, pore-blocking, or gel concentration) but it needs more energy
and cleaning chemicals to clean. The cleaning efficiency is affected by the composition of the
backwashing solution. In the case of UF and MF, the permeate is used as a backwashing liquid.
Reportedly, it is always suggested to use DI water because ions present in permeate can reduce
natural organic foulant removal efficiency.

The backwashing efficiency also depends on the foulant that it deals with and pressure
applied in the permeate side. The more adhere foulant requires much higher force to
remove. The backwashing can be done automatically by fixing the set point when TMP
reaches a fixed set point. Back-pulsing is another physical cleaning method, widely used
for ceramic membranes.

—
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— 2888edse Membrane — i ol e ,®
lllllll I I']III Membrane
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(A) Standard mode of filtration (B) Back flashing

FIGURE 1.7 Schematic diagram of (A) standard mode of filtration and (B) back-flushing.
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In these techniques, the TMP is inverted cyclically by pumping the permeate water in
the opposite direction of feedwater flow. This phenomenon can lift the fouling layer from
the membrane surface. During backwash, the permeate is pumped continuously at con-
stant positive pressure.

Technically, the back-pulsing process is very similar to backwashing. However, the fun-
damental difference between a back-pulse and a back-flush is the force and time used to
lift accumulated deposits off the membrane. (Ning Koh, Wintgens, Melin, & Pronk, 2008).
Back pulsing is done by a series of solenoid valves to regulate the flow in the membrane
module. Commonly, back-pulses are generated either based on a series of solenoid valves
that regulate the flow in the module and the permeate flow from a reservoir, or a piston
that moves front and forth and causes flow reversal through the membrane.

The estimation of optimum backwash pressure for MF and UF membranes is a very
important aspect of achieving efficient backwash without membrane damage. In both
spiral-wound and hollow-fiber modules, due to pressure drop in permeate channel/inside
the fiber, the backwash flux is expected to be low at a dead end. This may result in low
backwash efficiency in membrane dead end.

The backwash water temperature can be increased to achieve minimum water flux at
dead by maintaining optimal back wash pressure to address this issue (Fig. 1.8).

The required water temperature and backwash temperature can be calculated by
modeling the backwash process of both the spiral-wound and HF modules. The model of
HF backwash is presented in the author’s previous work (Sangrola et al., 2020).

1.2.5.2 Regeneration by chemical cleaning

Chemical cleaning involves both chemical and physical processes (Porcelli & Judd,
2010). Chemical cleaning of membranes involves three steps, namely (1) mass transfer of
the cleaning chemical from the bulk solution to the fouling layer; (2) chemical reaction
between the cleaning chemical and the deposits in the membrane fouling layer; and (3)
mass transfer of the deposits from the fouling layer to the bulk solution, which is con-
trolled by hydrodynamics. The efficiency of cleaning chemicals strongly depends on the
chemical reactivity of the cleaning chemicals since the third step of mass transfer can take
place only after the chemical reaction has weakened the deposit-membrane and depos-
it—deposit bonds. Optimized membrane cleaning processes require the identification of
suitable cleaning chemicals, their composition, and flow conditions.

FIGURE 1.8 Effect of back-flushing.
With back flashing

“~_Without flashing
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Time
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Depending on fouling composition and dominant fouling mechanism, chemical clean-
ing is used. Three primary types of cleaners are as follows:

1. Acid cleaners (consisting of acid, surfactant, deformers, and inhibitors)
2. Neutral cleaners (consisting of surfactants, deformers, and enzymes)
3. Alkali cleaners (consisting of alkalis, depressing soil agent, surfactant, and oxidizers)

Cleaning agents (such as, NaOH, NaClO, HNOj, Ultrasil) are commonly used for
UF/MF membrane to remove the fouling caused by juice materials and textile effluents. In
this process, an elevated temperature is advantageous as foulants are reportedly more
readily dissolved at high temperatures. Therefore in addition to the physical/chemical
cleaning, an elevated temperature cleaning (i.e.,, around 80°C) are also suggested for
ceramic membranes.

However, excessive use of cleaning chemicals may also cause early degradation of the
membranes. Reportedly, excessive exposure of NaClO can potentially result early degra-
dation of PVDF membrane (Hajibabania, Antony, Leslie, & Le-Clech, 2012). If physical or
chemical cleaning is unable to restore membrane flux, then partial or total replacement of
membrane modules is undertaken (Regula et al., 2014). The partial membrane module
replacement is recommended wherein multiple membrane modules are connected in
series. The cost of water production and energy consumption increases when membranes
foul/scale.

Among the above alternatives for membrane system maintenance, physical techniques
are applied more frequently to regenerate the membrane. In domestic water purification
applications, chemical cleaning is not a practical solution from an implementation perspec-
tive, and frequent replacement of membrane may not be acceptable. Among physical
cleaning methods, it has been proven that backwashing with permeate water is robust and
easy to implement in domestic water purification applications (Hajibabania, Antony,
Leslie, & Le-Clech, 2012). In HF membrane backwash, the water is circulated opposite to
the regular water flux direction. Many researchers have reported studies comparing mem-
brane regeneration efficiency of physical cleaning methods. In general, membrane regener-
ation efficiency is estimated by comparing the membrane flux before and after performing
membrane cleaning.

1.3 Membrane characterization methods

Membrane characterization leads to the determination of the membrane transport para-
meters and structural and morphological properties. For practical application of the mem-
brane, the membrane surface characterization plays an important role. The surface
characterization of membranes helps in understanding the properties of membrane sur-
face; it also helps in understanding the relationship between the membrane structure and
its properties. The surface characterization can be applied to study the various aspects of
membrane surface properties such as chemical composition, morphology, wettability, and in
case of certain specific application, (such as biomedical applications) the biocompatibility is
also studied.
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The membrane can be chosen for a given application based on the parameters derived
from characterization methods. These methods can be categorized into two levels based on
the process of implementation: (1) invasive and (2) noninvasive (Xu, Huang, & Wan, 2009).

In the invasive procedure, the membrane would not be in regular operation mode,
detached from operation for offline analysis. The noninvasive procedure can be applied
for both offline and online analysis. The methods used for bulk membrane polymer analy-
sis, membrane surface properties, pore size, and pore size distribution analysis are called
invasive methods. The techniques used to estimate membrane transport parameters using
solvent—solute flux measurement in the actual application are called noninvasive meth-
ods. The invasive procedure is generally used in the laboratory while developing a new
membrane for a given application. The noninvasive procedure is used to benchmark and
monitor the different membranes for a given application.

1.3.1 Invasive methods

In this section, the characterization techniques for the polymeric membrane surfaces are
reviewed on basis of the chemical composition, morphologies, and wettability of the mem-
brane surfaces.

1.3.1.1 Chemical composition of the membrane surface

The chemical composition analysis of the membrane surface provides a brief under-
standing about the elements present on the membrane; and this analysis can be used to
study the severity of the fouling by analyzing the fouled membrane surface such that the
kind of foulant adhered on the membrane surface can be identified.

1.3.1.1.1 Attenuated total reflectance Fourier transform infrared spectroscopy

The attenuated total reflectance Fourier transform infrared (ATR-FTIR) spectroscopy is con-
ventionally used to characterize a surface or near surface characterization of membranes. This
includes the characterization of both chemical composition and physical structure on membrane
surface. However, the ATR-FTIR cannot be considered as a surface-sensitive technique because
this analysis is not only performed at the surface but it penetrates inside the membrane up to
micron level.

1.3.1.1.2 X-ray photoelectron spectroscopy

For surface chemical analysis compared to FTIR, the X-ray photoelectron spectroscopy
(XPS) method is a more surface sensitive analytical method. It provides qualitative and quan-
titative information on the atomic composition down to a depth of typically 0.5—10 nm
depending on the take-off angle. The XPS is a technique based on a photo-electronic effect.
Although XPS is surely a powerful technique for surface chemistry analysis, the samples must
be stable within the ultrahigh vacuum chamber of the spectrometer. In such case, a very
porous material such as a membrane with high porosity may pose problems as well as those
having a solvent residue.
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1.3.1.1.3 Energy dispersive X-ray spectroscopy

Energy dispersive X-ray spectroscopy (EDS) is a chemical microanalysis technique,
which is often applied in combination with a scanning electron microscope (SEM). When a
beam of high energy electrons is focused on a specimen, the electrons are absorbed or scat-
tered by the specimen; and secondary electrons, Auger electrons, characteristic X-rays, and
backscattered electrons are emitted from the sample during bombardment. In EDS spectra,
the X-ray intensity is usually plotted against energy. They consist of several approximately
Gaussian-shaped peaks being characteristic of the elements present. Most of the chemical
elements used in UF and MF membranes’ fabrication can be identified by EDS. The only
limitation is whether the particular type of detector window registers soft X-ray of the
light elements. The EDS can provide the following analytical information (Xu et al., 2009):

1. Qualitative analysis: Elements with atomic numbers from that of beryllium to uranium
can be detected. The minimum detection limits vary from about 0.1 weight percent to a
few percent depending on the element and matrix.

2. Quantitative analysis: Quantitative results are readily obtained without standards. The
accuracy of standardless quantitative analysis is highly sample dependent. Greater
accuracy is obtained using known standards with similar structure and composition as
those of the unknown sample.

3. Line profile analysis: The electron beam is scanned along a preselected line aided by an
SEM image across the sample while X-rays are detected for discrete positions along the
line. Analysis of the X-ray energy spectrum at each position provides plots of the
relative elemental concentration for each element versus position along the line. This
technique is very useful in analyzing the distribution of elements on the surface or at
the cross-section of a membrane.

4. Elemental mapping: Characteristic X-ray intensity is measured relative to lateral
position on the sample surface. Variations in X-ray intensity then indicate the relative
elemental concentrations across the surface. Maps are recorded using image brightness
intensity as a direct function of the local concentration of the elements present. Lateral
resolution of about 1 um is possible.

1.3.1.2 Morphologies of the membrane surface

To study morphology of polymeric membranes, X-ray diffraction, neutron scattering,
and microscopy technology are few available techniques. In this section, we will briefly
discuss about the basic principles of some of the widely used techniques used for charac-
terization of the surface morphology of the polymeric membranes such as SEM, environ-
mental scanning electron microscopy (ESEM), and atomic force microscopy (AFM).

1.3.1.2.1 Scanning electron microscope

For characterization of membrane surface, SEM is the most widely recognized electron
microscope. SEM unit contains an electron gun that supplies the electron beam, a series of
condenser lenses to manipulate the electron beam path, some scanning coils for scanning
control, a sample chamber to hold the sample, and a set of detectors to collect the signal.
The electron beam is generated and accelerated by the electron gun as a divergent beam,
reconverged and focused by the condenser lenses, and finally made into a beam scanning
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across the sample. Each kind of particle and electromagnetic wave can be a potential sig-
nal available to form the image of the focused surface. The SEM is a widely used charac-
terizing technique due to the following advantages:

1. For SEM analysis, the specimen can be directly taken from the sample without further
procedure. If the sample is a nonconducting material, the sample needs an additional
metal (usually gold) coating. And this is the case for most of the polymeric materials
used for membranes unless their surface charge has been modified.

2. Magnification can be modulated to a wide range continuously. Using SEM, even at high
magnification, the images with good resolution and enough brightness can still be obtained.

3. High resolving ability: The wavelength limitation of the optical microscope is about
200 nm, but it is not difficult for the SEM to reach a resolution as good as below 10 nm.

The SEM is now a nearly a standard tool for investigating surface properties of membranes,
including the surface topography, the change of surface by modification, the adsorption of
biomacromolecules, fouling, and so on. The SEM is also applied in the observation of the
cross-section of the membranes. Cross-section investigation is extremely useful for characteri-
zation of the asymmetric membranes and complicated membranes. By the surface and cross-
section investigation of an SEM, basic parameters such as thickness and pore diameters can
be decided. Because the imaging area of the SEM is rather tiny, the measurement of pore
diameter using a single SEM unit may lead to error in measurement. Therefore it is recom-
mended to use average of multiple SEM images.

To analyze the polymeric membranes with SEM/FESEM, the sample should be first
washed with ionized water and dried at vacuum oven at 50°C—60°C. To get cross-sectional
morphology, the membranes sample must be raptured in liquid nitrogen. For polymeric
membranes, the sample needs to be electroconductive for current, using gold /palladium/plat-
inum metals. Drying of wet membranes requires a freeze-drying treatment. Another choice is
to replace the water in the membrane by liquid with low surface tension to avoid the destruc-
tion by the capillary force. For the preparation of a cross-section sample, a freeze-fracturing
operation is required to prevent the deformation of the porous structure.

1.3.1.2.2 Environmental scanning electron microscopy

In contrast to SEM, the ESEM can operate even at a pressure as high as 50 Torr, or at a tem-
perature as of the specimen environment through a range of vacuum, temperature, and gas
compositions. ESEM has low sensitivity to contaminants, that is, a sample with water, volatile
materials, or gaseous emissions can also be investigated. It can provide a saturated vapor
environment for a hydrated specimen. In ESEM, state of samples need not to be fixed. Thus a
dynamic process such as tension and deformation can be recorded as a sustaining course.
Unlike SEM in ESEM the samples need not to be charged/ conductor. This elimination of
charging the sample (using metal coat) preserves the delicate sample surface. The only limita-
tion of this process is the limited resolution, therefore ESEM is unsuitable for obtaining mem-
brane images with fine structure.

1.3.1.2.3 Atomic force microscopy

For polymeric membranes, an AFM (Fig. 1.9) is a prominent characterization tool capa-
ble of revealing the surface structure of membranes with superior spatial resolution. From
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Laser beam FIGURE 1.9 Schematic representation
of an atomic force microscopy (AFM).
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the tens of microns to nanometers, an AFM has been developed into a multifunctional
technique suitable for characterization of the adhesion, mechanical, topographic, and other
similar properties.

An AFM can be operated in various mode developed and adapted to cope with the
demand of the field-specific research. Taking consideration of the scope of this chapter,
this section presents only some of the most popular modes of AFM operation for poly-
meric membranes such as contact mode, noncontact mode, and amplitude modulation or
dynamic force mode. In contact mode, since the tip of the AFM is in constant contact
with the sample surface, a significant frictional force can potentially damage, destroy, or
sweep soft samples like polymers or biological macromolecules. Thus, a noncontact
mode of widely adapted for polymeric membranes. However, the only disadvantage of
this mode is that the image comes with low lateral and z-resolution compared to the con-
tact mode. To overcome this issue, the amplitude modulation or dynamic force mode is
advised. In this mode, the tip of the AFM vibrates above the sample surface; and this
method also enables the contact with the sample surface for a very short period and that
ensures no damage to the sample surface. This mode provides nondestructive nature of
the image.

1.3.2 Noninvasive methods

1.3.2.1 Inline method

The inline method (Fig. 1.10) is used to monitor the overall UF/MF membrane plant’s
performance in real time by measuring the feed temperature, solvent, solute flux, and
pressure drop data in an actual plant.
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FIGURE 1.10 Schematic representation of an inline method.

The measured data is stored in the data acquisition system, and then they are used to
calculate the membrane transport parameter such as normalized membrane permeability
and selectivity by using the equation presented in Section 1.1. The calculated membrane
transport parameters are displayed to plant operators. Apart from the conventional sensor
listed above, the advanced sensor like the ultrasound sensor is used to measure the thick-
ness of the fouling layer at the membrane surface in real time, such that the membrane
health can be analyzed in real time to rectify the severe membrane fouling that may lead
to permanent damage of the membrane. The use of such a sensor may not be economical
for smaller capacity MF/UF plants. Therefore methods like at-line and offline are adopted
to monitor the membrane performance in the discrete interval.

1.3.2.2 At-line method

For small-scale membrane application, the at-line method is preferred (Fig. 1.11). In this
method, the performance of the membrane is characterized by manual sampling, followed
by discontinuous sample preparation, measurement, and evaluation. A small membrane
test cell is placed parallel to the actual UF/MF process line in this method. The test cell
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FIGURE 1.11 Schematic representation of at-line method.

operating condition is maintained as similar to the actual plant. Here, the membrane per-
formance is measured in terms of solute/solvent and pressure drop.

The given information is obtained manually using the data obtained from turbidity,
flow rate, and pressure gauge. In this method, direct process control is not possible
since the material properties can usually change between sampling time and the avail-
ability of the results.

1.3.2.3 Offline method

For laboratory test scale setup, the offline method is preferred to characterize the
properties of a new membrane. To determine membrane performance, two modes of
testing are conventionally preferred, namely dynamic and static. In dynamic experi-
ments, the feed is continuously pumped along the membrane in a cross-flow mode. On a
small scale, though the recovery is slight, the solution composition changes insignif-
icantly along the length. This is a well-defined method of estimating fouling (and bio-
fouling) for MF, membrane bioreactor (MBR), and forward osmosis (FO) membrane
process on a small (or laboratory) scale. In this method, after the membrane is mounted
in a filtration cell, deionized distilled water is passed through the cell till constant flux is
obtained. After which, the feed solution with foulants is allowed to flow through the
membrane for a certain period. After that again, the feed solution is replaced with deio-
nized distilled water. In between these processes, chemical and mechanical cleaning is
also performed. The difference between the membrane permeability and rejection before
and after the filtration, washing, and cleaning steps serve as an essential indicator of
fouling, its reversibility, and cleaning efficiency. Another prime indicator of fouling is
change in permeability. This can be analyzed using the mathematical models to conclude
about fouling mechanism (that includes pore blocking, intermediate pore blocking, cake
filtration, and pore constriction).
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1.4 Module design and process configuration

1.4.1 Module design

The polymeric membranes are fabricated as either flat-sheet or hollow fiber with a single
channel. Similarly, the ceramic membranes are fabricated as: (1) single channel (2) multichan-
nel membrane. These membranes are further modularized to achieve a high membrane sur-
face area per unit volume of the membrane module/element. The primary objective of
modularizing a membrane is to pack a large area of the active membrane into a relatively
small volume (but with high packing density) while maintaining system hydraulics to mini-
mize CP, fouling, and scaling. The four basic membrane module configurations are demon-
strated for polymeric membranes: (1) plate-and-frame, (2) spiral-wound, (3) hollow-fiber, and
(4) tubular membrane module (Warsinger et al., 2018).

1.4.1.1 Plate-and-frame membrane module

The plate-and-frame membrane module consists of several “plates” placed one after
another, maintaining a spacing using a sealing gasket between two adjacent frames. A
plate has two parallel perforated membranes supported by a gap between them. A flat
membrane is fitted on each perforated support layer, and every plate has an opening near
the perimeter, which leads to permeate channel. Here, the feed flows over each membrane
and permeates through the membrane leaving through permeate channel. Here the feed
and permeate channel is separated by the polymeric spacers. The packing density of such
modules is about 100—400 m* m >

1.4.1.2 Tubular module

In the tubular membrane (Fig. 1.12), the feed solution always flows through the center
of the tubes while the permeate flows through the porous supporting tubes into the mod-
ule housing. The packing density of the tubular membrane ranges between 164 and
328 m* m > (Hoek, 2013). The tubular modules are expensive due to the module’s low sur-
face areas, but the increased surface area can reduce costs.

1.4.1.3 Spiral-wound module

The spiral-wound module design of the membrane module spacers is used and operated
under the turbulent flow condition. In the spiral-wound design, the pressure drop is high due

MembRrane

Porous support
l ll l lpermeate tube

FIGURE 1.12 Schematic diagram of a tubular membrane module.
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to the additional drag force generated by the spacer. The surface-to-volume area ratio is fair
with low capital cost. For the filtration process of feed with minimum suspended particles,
spiral-wound design membrane modules can be used. The membrane modules are selected
for a particular application process depending on all these properties.

In a spiral configuration (Fig. 1.13), the flat membranes are rolled around the perforated
center tube. In the spiral-wound membrane module, two membrane sheets are separated
by a mesh-like spacer in between them. Here, the three edges are glued using epoxy, leav-
ing the fourth end of the membrane open to a perforated cantered tube. The feed enters
one end of the spiral and leaves at the other end. The permeate flows spirally through the
permeate passage and enters through the holes on the central pipe, and leaves through an
end of a pipe.

1.4.1.4 Hollow fiber/shell and tube module

A hollow-fiber membrane module (Fig. 1.14) can be defined as a bundle of many fibers
inserted into a pipe of suitable diameter. In these membranes, the semipermeable nature
of the capillary walls is utilized to flow the permeate. The hollow-fiber membranes are
made from synthetic polymers, cellulose. The cellulose-based hollow fibers of the mem-
branes are generally made of CTA. Due to the small fiber diameter, the fibers can
withstand high (internal or external) pressure without any support. Compared to the
above-discussed membrane module, the fouling is more frequent in the hollow-fiber mem-
brane module due to fiber size and high packing density.

The economic consideration for any process primarily determines the basic concept
behind the selection of the membrane module. However, apart from cost, membrane func-
tionality plays a significant role in selecting the membrane module. For example, despite
the expensive configuration, the tubular configuration is always best suited for application
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FIGURE 1.13 Schematic diagram of a spiral-wound membrane module.
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with high fouling tendency because of its ease of membrane cleaning and good process
control. It is often possible to choose between two or more types that are cumulatively
used in practical application. For example, for desalination, gas separation, and pervapora-
tion, both hollow-fiber and spiral-wound membrane modules are used. Table 1.2 provides
a brief comparison among the above-mentioned membrane module design (Meneses,
Stratton, & Flores, 2017).

1.4.2 Process configuration

For UF and MF membrane, the mode of operation and design is dependent on the
membrane process’s application. The continuous, batch and feed-and-bleed/fed-batch
membrane process flow configurations are widely used in the industry concerning an
application. In the membrane filtration process, two types of process flow configurations
are adopted to increase the process’s recovery; namely, single and multipass stage pro-
cesses. Similarly, to improve the permeate water quality, the permeate collected from the
first stage is treated again. This configuration is called a multipass system. Fig. 1.15 repre-
sents the single-pass and batch-type configuration of membrane filtration.

1.4.2.1 Continuous filtration process
In the continuous filtration process, the feed solution passes along the feed channel of

membrane modules, and the permeate is collected in the permeate channel under applied
feed pressure. It is one of the most straightforward membrane configurations.

Pcrmcal

FIGURE 1.14 Schematic diagram of a
etentate  hollow-fiber membrane module.

Porous support

Hollow fiber channel

TABLE 1.2 Comparison of different membrane module designs.

Packing density Expected Is pretreatment Fouling Is back-flushing
Module design  (m*m™3) cost/area required? efficiency possible?
Plate-and-frame Moderate High No Medium No

(200—400)
Tubular Low (100—300) High Yes Low No
Spiral-wound Moderate Low Yes Medium No

(300—1000)
Hollow-fiber High (1000—10,000) Low Yes High Yes
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FIGURE 1.15 Schematic diagram of (A) single-pass membrane configuration and (B) batch-type configuration
of membrane filtration.

1.4.2.2 Batch filtration

In the batch-type configuration (Fig. 1.15) of the membrane filtration process, the reten-
tate is recycled back to the feed tank. Here, due to the recycling of the retentate to the feed
tank, the retained solute concentration in the feed tank increases with time. The membrane
flux declines with time because of the high concentration of feed, resulting from the recy-
cling process of the retentate to the feed. In the batch process, the permeate recovery is
smaller than in the single-pass process. The UF and MF batch filtration process can be
used in small-scale and in the pilot plant application where permeate is the final product.
The batch filtration is applied in various filtration processes such as effluent treatment and
fruit juice filtration. But the batch process is not applicable when the concentrate is the
product, because in the batch process, the concentrate is discarded. The constant recircula-
tion of the retentate may result in the degradation of the final product.

1.4.2.3 Feed-and-bleed/fed-batch filtration
In feed-and-bleed /fed-batch filtration configuration, either:

1. a part of the retentate is recycled, and the remainder is separately collected, or
2. this collected retentate is used as feed for the next stage when the multistage operation
is performed.

A feed-and-bleed configuration design is used in the multistage filtration operation pro-
cess to reduce the required membrane area. These configurations are primarily applied in
the large-scale commercial application process.

1.4.2.4 Single and multistage

In the multistage filtration process (Fig. 1.16) where a single pass has been applied, the
reduction in volume loss is made by arranging the membrane module in a tapered design.
In this system, the volume reduction factor is measured by the tapered structure, not by
the pressure applied in the filtration process. The tapered structure is known as the
Christmas tree design. In water recovery by UF membrane filtration, the permeate recov-
ery is greater than 90% because CP is less due to water’s high purity.
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FIGURE 1.16 Schematic diagram of feed-and-bleed/fed-batch type configuration of (A) single-stage and (B)
multistage.

1.4.2.5 Single and multipass

The single-pass UF membrane process (Fig. 1.17A) is used to recover high purity water
in microelectronic plants. When the feed of nonhigh purity is used for filtration through
single-pass membrane configuration, it requires a larger membrane area to achieve high
permeate (95%—99%) recovery, resulting in high energy consumption. To minimize the CP
and foul, the feed velocity increases and increases the pumping cost. In multipass UF
membrane process (Fig. 1.17B), the permeate from the first pass becomes the feed water to
the second pass, producing much higher permeate qualities.
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FIGURE 1.17 Schematic diagram of feed-and-bleed/fed-batch type configuration of (A) single pass and (B)
multipass.

1.4.3 Commercial fabrication techniques employed for polymeric flat sheet and
hollow-fiber membranes

1.4.3.1 Flat-sheet membranes

The casting technique is one of the well-established phase inversion techniques and is
widely used to prepare flat sheet polymeric membranes. In this technique, first, a polymer
is dissolved in a suitable solvent or a mixture of solvent and nonsolvent (in phase inversion)
to form a homogeneous dope solution. As shown in Fig. 1.18, the dope solution is cast on a
suitable support (glass or nonwoven polyester sheet) using a casting knife. The casting knife
is made of a metal blade moving on two runners providing a sufficient gap between the
blade support layers. The gap primarily determines the thickness of the membrane pro-
duced. The casted film is instantly dried, or the solvent is partially evaporated before the
cast film is immersed in the coagulation bath. More than one coagulant bath is used with an
appropriate temperature controller to control solvent evaporation rate, enabling a uniform
pore size membrane. Finally, membrane is dried before packing them in the rolling unit.
The resultant membrane can be used in commercial plate-and-frame and spiral-wound
membrane systems (Membranes et al., 2019).

1.4.3.2 Hollow-fiber membranes

Compared to the flat-sheet membrane, the HF modules offer several beneficial fea-
tures such as self-supporting property, good flexibility, and large specific surface area.
Owing to the large surface area and high packing density, the unique configuration of
HF membrane endows excellent mass-transfer properties, thus promoting numerous
commercial applications in water and wastewater treatment. The hollow-fiber membrane
can offer a significantly reduced footprint and equipment mass in comparison to a flat
sheet membrane casting unit. (Moattari, Mohammadi, Rajabzadeh, Dabiryan, &
Matsuyama, 2021) identified the standard fabrication method for HF membranes. It
includes nonsolvent-induced phase separation (NIPS) as a wet spinning method,
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FIGURE 1.18 Flat-sheet membrane casting system.

thermally induced phase separation (TIPS), and melt-spinning cold stretching (MSCS)
method. Reportedly, the TIPS and NIPS methods are commonly employed for HF mem-
brane fabrication on a commercial or large scale. Compared to the NIPS method, the
MSCS and TIPS method offers a more compact structure and narrow pore-size distribu-
tion in the cross-sectional direction of the membrane with better mechanical properties.
Typically the primary material used in HF membranes fabrication includes the dope
solution and bore fluid. The dope is a viscous solution prepared by mixing a polymer
resin, additive, and an organic solvent for the polymer being used similar to flat sheet
casting. Some of the commercial polymeric resin and organic solvent used are stated
below:

1. Polymeric resin: PES, polyacrylonitrile, polyimide, PA-imide, polyvinylchloride, PSU,
polyesterimide, and polyvinylidene difluoride.

2. Organic solvents: dimethylacetamide (DMAc), N-methyl pyrrolidone (NMP),
dimethylformamide (DMF), or a mixture thereof.

The additives used in a dope solution can be categorized as (1) low molecular weight
additives such as water, ethylene glycol, alcohol, glycerol, and inorganic salts (LiClO, and
LiCl); (2) high molecular weight additives such as polyethylene glycol (PEG), and polyvi-
nylpyrrolidone (PVP); and (3) additives such as a mixture of LiCl and water or PEG and
LiCl.

Fig. 1.19 depicts an NIPS HF spinning line used for the fabrication of polymeric HF
membranes. Initially, dope solution and bore fluid are metered through various
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FIGURE 1.19 Nonsolvent-induced phase separation (NIPS) Hollow fiber (HF) spinning line for fabrication of
polymeric HF membrane.

precision pumps followed by the extrusion through the spinneret. In this step, internal
coagulation may occur during the dope contact with the bore fluid flowing out the
Spinneret. Reportedly, solvent evaporation densifies the outer surface of the emerging
fiber in the air gap, and the moisture triggers phase separation. The fiber is stretched
due to the longitudinal tension and gravity by the take-up winder during the air-gap
distance. An external coagulation bath is used to complete the phase separation, and
the as-spun fibers are solidified. The as-spun fibers are collected using a roller. The
roller speed plays a critical role in determining the take-up speed of the spinning pro-
cess, solvent exchange, or any appropriate posttreatment to remove the residual sol-
vents/additives.

The membranes fabricated using NIPS methods are usually asymmetric membranes with
dense skin and porous support layers. These membranes exhibit high permeability, excellent
separation performance, superior anti-fouling properties but poor mechanical strength. Apart
from NIPS, another conventional method used for the fabrication of HF membrane is TIPS.
Unlike NIPS, in TIPS, the mechanism of phase separation is achieved using thermal removal
from high-temperature homogeneous polymer solutions. The membranes fabricated using
this method have homogeneous pore structure, that is, uniform pore size and narrow pore
size distribution. Thus it is challenging to produce acceptable permeation performance for
industrial water treatment.

The UF/MF HF membranes are generally fabricated through the immersion precipita-
tion method. The HF membrane has high permeability but suffers from low mechanical
strength. To take care of this limitation, researchers suggested reinforced HF membranes.
Typically, reinforced HF membranes are prepared by integrating the separation layer with
a porous supported matrix. The comparison of different reinforced methods is tabulated
in Table 1.3.
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TABLE 1.3 Advantages and disadvantages of methods of reinforcing the hollow-fiber membranes.

Reinforced
method used for
SI. No. HF membranes  Advantages Disadvantages
1. Porous matric ¢ Typically exhibit a tensile strength e Dissolution/swelling of the porous
reinforcement of more than 10 MPa support layer due to penetration of the
® Provides mechanical strength casting solution in homogenous
without adverse effect (such as reinforcement method
being dissolved and swelled) * The heterogeneous reinforcement
fabrication process is very costly and
complex
2. Applying ¢ A relatively facile and low-cost
filaments or fabrication process
threads
3. Braid 1. NIPS-based e Easily * The fabrication of round-stable braids on
reinforcement braid applicable on braiding machines is a slow and costly
reinforcement an industrial operation
scale * Achieving a uniform polymeric coat on
e A wide range the braid is difficult
of tensile e Low peeling strength for heterogeneous-
strength braid reinforced HFMs

® DPossibility to e The possibility of biofouling formation
use a variety
of braids
2. Electrospinning- The limited control of pore structure
based braid
reinforcement

1.5 Application of polymeric ultrafiltration and microfiltration membranes

UF/MF is a low-pressure operation; it reduces the capital and operating expenditure
significantly. Additionally, these are low-temperature rate-governed processes and driven
by the pressure differential across the membrane. Also, there is no state of equilibrium,
that is, no change in phase or state of the solvent during membrane operation. Therefore
the membrane separation technology is advantageous over the conventional dewatering
processes with respect to huge energy (steam, electricity, etc.) as well as utility (cooling
water to run condensers) consumption. The requirement of space as well as complicated
heat transfer, heat generation, and steam generation equipment is minimum, which also
reduces the thermal pollution as well as load in the sewage treatment plant. Table 1.4 sum-
marizes the application of polymeric UF/MF membranes in water and wastewater treat-
ment process.

1.5.1 Potable water reuse

Membranes, particularly polymeric membranes, play a crucial role in the purification of
municipal wastewater to potable quality and are the core of almost all these systems
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TABLE 1.4 Application of polymeric ultrafiltration (UF) and microfiltration (MF) membranes for water and wastewater treatment.

Membrane Membrane Membrane  Membrane
SL. No. Application module/MWCO material nature process Recovered product References
() Textile dye Tubular module/  Polysulfone Hydrophobic UF >97% dye (direct green G, direct ~ Majewska-Nowak,
wastewater >700 Da black metal, eriochrome black T) Winnicki and
(M, > 780) Wisniewski (1989)
Flat-sheet Polysulfone/ Hydrophobic UF 68.5% and 64.7% rejection of acid-  Said, M'rabet,
Polyetherimide orange and methyl orange, Hsissou and Harfi
respectively (2020)
Flat-sheet/10 kDa  Regenerated Hydrophobic UF (MEUF) >97% retention of anionic Zaghbani, Hafiane
(Cross-flow UF) cellulose surfactants and Dhahbi (2007)
Flat sheet/1000 Da  Polyamide Hydrophobic UF (MEUF) 90% surfactant recovery Purkait, DasGupta,
and De (2004)
(ii) Food
processing
industries
Olive mill ~ Spiral wound/ Polysulfone Hydrophobic UF Hydroxycinnamic acids and Galanakis, Tornberg
wastewater 25 kDa flavonols and Gekas (2010)
e Flat sheet/3kDa Regenerated Hydrophilic UF Phenolic compounds Ochando-Pulido
cellulose and Martinez-Férez
(2017)
o Flat sheet/4 kDa Polyethersulfone Hydrophobic UF Hydroxytyrosol, protocatechuic Cassano, Conidi
acid, caffeic acid tyrosol, and p- and Drioli (2011)
. cumaric acid
o Flatsheet/10 kDa Regenerated Hydrophilic UF
cellulose
Winery ¢ Flat sheet/ Polysulfone Hydrophobic UF Hydroxycinnamic acids, o- Galanakis, Markouli
sludge/ 100 kDa diphenols and Gekas (2013)
effluents e Flat sheet/ Polysulfone Hydrophobic UF
20 kDa
e Flat sheet/1kDa Composite Hydrophobic UF
fluoropolymer
¢ Hollow fiber/ Polyvinylidene  Hydrophobic MF Phenolic compounds Giacobbo,
0.2 pm fluoride Bernardes and de

Pinho (2017)



(iif)

(iv)

Orange
press liquor

Dairy

processing
industries

Oil-water
separation

e Hollow fiber/
0.4 pm

Hollow fiber/
100 kDa

Flat-sheet/(30—50)
kDa

Tubular

Flat-sheet/10 kDa

Tubular/(100—200)
kDa

Flat sheet/30 kDa

Flat sheet/58 kDa

Flat sheet/30 kDa

Polyimide

Polysulphone

Polyethersulfone

Polysulfone and
polycarbonate

Regenerated
cellulose

Polyvinylidene
fluoride

Cellulose acetate

Polyethersulfone

Cellulose acetate
and Nylon-66

Hydrophilic

Hydrophilic

Hydrophilic

Hydrophilic

Hydrophilic

Hydrophilic

Hydrophilic

Hydrophilic

MF

UF

UF

MF (cross-
flow MF)

UF

UF

UF

UF

UF

Phenolic compounds

Total polyphenols

Casein protein

* Residual fat from whey or the
clarification and the removal of
bacteria from cheese brine

® Separation of micellar casein
and small milk fat

Complete rejection of whey

protein from sweet whey

99% permeate recovery, 54%
aromatics rejection with 95% of
rejection of both heavy metal and
hydrocarbons.

89%—95% oil rejection

92.8% oil rejection

90% oil rejection

Giacobbo, do Prado,
Meneguzzi,
Bernardes and de
Pinho (2015)

Galanakis et al.
(2013)

Luo et al. (2012)

Saboya and
Maubois (2004)

Butylina, Luque
and Nystrom (2006)

Bilstad and Espedal
(1996)

Hussain and Al-
Yaari (2021)

Adib and Raisi
(2020)

Hussain and Al-
Yaari (2021)

MEUF, Micellar-enhanced UF.
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(Ray, Iroegbu, & Bordado, 2020). The potable water reuse treatment commonly employs
MF or UF to remove pathogens or pretreatment for NF or RO. MF membranes are com-
monly used to remove most fine suspended solids (>99% rejection) and some colloidal
material. They can also provide 3—6 log removal of protozoan cysts and coliform bacteria.
The UF membranes can typically reject all suspended solids, remove organic matter,
reduce BODs by at least 95%, and significantly reduce turbidity. In addition to the con-
taminants removed by MF, UF can provide up to 6-log removal of bacteria; and if the
membrane modules are intact, they can eliminate protozoan cysts and coliform bacteria
from the filtrate. Phosphorus, nitrogen, and total organic carbon (TOC) constituents in sol-
uble and colloidal form can also be partially removed through UF (and less with MF), but
the achieved rejection can vary widely, 10%—85%, depending on the phase of the contami-
nants (soluble or particulate). Increased removal can be achieved if chemical coagulants
are dosed into the feed water. However, neither the MF nor UF process removes dissolved
constituents such as salts and organic chemicals (Warsinger et al., 2018).

1.5.2 Recovery of dye and pigments

On a commercial-scale, the MF/UF membranes used for dye wastewater treatment are
generally polymeric. The MF/UF membranes can potentially remove colloids, particles,
and many biological molecules at significantly low pressure. The MF process has minimal
application in textile wastewater treatment. The application of the MF process is restricted
to the removal of suspended particles and colloidal dyes from the exhausted dye bath.
The MF process is conventionally employed, and other concomitant processes (such as
coagulation/flocculation/NF). Similar to the MF process, the UF process also has minimal
application in textile dye wastewater treatment. This is because most dyes’ molecular
weights are significantly lower than the convention MWCO of UF membranes.
Reportedly, UF membrane provides 90% rejection, although higher rejections have been
reported using hydrophobic UF membranes (such as PES and PVDF membranes). The
water reclaimed using the UF process can be reused for only subsidiary processes (such as
washing and rinsing) and not for primary processes (such as dying of fibers). For the treat-
ment of textile effluents, the use of polymeric membranes is usually not appreciated due
to the low resistance to chemicals (such as organic solvents), acidic/caustic nature of the
solution, and high temperature.

1.5.3 Treatment of effluent generated by dairy processing industries

A potential polluter releases a substantial amount of water for maintenance and hygiene
conditions in the dairy industry. The membrane separation process is widely used to treat
dairy industry effluents as an energy-saving and straightforward technique. Effluents gen-
erated by waste effluent generated by dairy processing industries majorly consist of sugar
and protein. Reportedly, the effluent consists of an alarmingly high amount of lactose and
whey protein that increases the level of both COD and BOD and causes pollution
(Carvalho, Prazeres, & Rivas, 2013; Yadav et al., 2015). To control this pollution, membrane
separation removes lactose and reduces organic load before draining the wastewater. The
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UF (2—150 kDa) membranes remove almost all of the protein, fat, and some insoluble com-
pounds and minerals in dairy wastewater; and only lactose, soluble salts, and ash content
are allowed to pass (Luo et al.,, 2012). Similarly, MF (100—500 kDa) removes almost all
pathogenic bacterial species and mold as well as a certain amount of halogenated salt
(Mistry & Maubois, 2017; Saboya & Maubois, 2004). For preparation of whey protein con-
centrate (WPC), UF membranes (10-20 kDa) are typically used. These membranes allow
the separation of lactose and minerals in the permeate from whey proteins in the retentate.
Whereas, both MF and UF process is used for preparation of whey protein isolate (WPI).
The MF process is used to lower the fat content in the whey-protein which is further con-
centrated using UF process.

1.5.4 Treatment of oily wastewater

Oily wastewater is generated by industrial processes such as food, chemical, pharmaceuti-
cal, textile, steel, leather, and petrochemical industries. For oil-water emulsions, the MF is pri-
marily used as a pretreatment to separate TOC, COD, grease, and oil for the following
treatment processes: UF, NF, and RO. The most common membrane materials used for the
fabrication of MF for oil-water emulsions are PVDF, PSU, and CA. Electrospinning method is
widely used for fabrication of polymer-based MF membranes with large porosity (>90%),
highly interconnected pore structure, and better structure stability. A graphene oxide/polyac-
rylonitrile hierarchical structured superhydrophilic MF membrane with low oil adhesion
was fabricated. Reported, the given membrane exhibited ~10,000L m >h™"' with >98%
oil-removal efficiency (Zhang et al., 2017).

For treatment of waste effluent generated by oil and gas industries, polymeric UF mem-
branes are most frequently used as a standalone or post separation process (Ahmad,
Guria, & Mandal, 2020). Reportedly, oil-removal efficiency of MF and UF membranes are
97%—99% (oil-removal efficiency) and <1 mgL™" (oil content), respectively (Yu, Han, &
He, 2017). Some commercially available polymers such as polyacrylonitrile (PAN), PES,
polyvinylidene fluoride (PVDEF), PSU, and polyvinyl chloride (PVC) are widely used for
the treatment of oily wastewater. Some commercially available polymeric UF membranes
marketed for oily wastewater treatment are Osmonics, Clean Water Tech PTE, Filtration
Solutio Inc, and Koch.

1.5.5 Recovery of heavy metal from industry effluent

A significant amount of heavy metal is generated by plating/electroplating, mining,
tanning, textiles, paper, and electrolysis industries. These heavy metals are nonbiodegrad-
able and carcinogenic resulting in critical health issues to all living organisms.

UF is recognized as an effective method for separation of heavy metal ions. The selec-
tion of membrane material for preparation of UF membrane plays an important role in
determining the efficiency of the given process. The selection of suitable membrane mate-
rial for fabrication of UF membranes largely depends on the characteristics of the waste-
water to be treated. Since, the UF membrane pores are conventionally larger than the
heavy metal ions, the additives are bonded to the metal ions to enlarge the size of metal
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TABLE 1.5 Removal of heavy metal using micellar enhanced ultrafiltration (MEUF) and polymer-enhanced

ultrafiltration (PEUF) processes.

Removal
Membrane efficiency
material Surfactant/complexing agent Heavy metal (%) References
MEUF Polyethersulfone Sodium dodecyl sulfate (SDS) Cd** 86.13 Huang, Qj, et al. (2017)

SDS at 8 mM concentration

SDS at 0.8—8 mM
SDS at 7 mM

PEUF Regenerated Sodium alginate
cellulose (10 mmol L)

Polyethersulfone Polyethylenimine, chitosan
and sodium polyacrylate

Polyacrylic acid sodium
(PAAS), polyacrylate (PAA)

Carboxymethyl chitosan

Zn**, Cu®*,  >99.0% each Huang, Yuan, et al. (2017)
Ccd® pp*

Ccd** 99 Shi et al. (2019)

Cu®" and 66.64 and Sum, Kok and Shalini (2021)
crit 26.02

cr’t, ot 100 Butter et al. (2021)

Sb>* 85.8—94.7 Ren, Lin, Song, Sun and Shao
(2021)

Co** >97 Gao, Qiu, Li and Le (2019)

Zn2+, and 80 and 90 Edward, Dalmia, Mammen,
Pb>* Prabhakar and Mathur (2021)

TABLE 1.6 Heavy metal removal using microfiltration process.

Membrane Heavy Removal
Membrane material type metal efficiency (%) References
Cellulose acetate Crossflow Pb** 98.3 Bayhan, Keskinler, Cakici, Levent and
N2t 314 Akay (2001)
cu* 56.2
Polypropylene Crossflow  Cr’* 71 Brady, Rose and Duncan (1994)
Cu®* 31
Pb* 63
cd** 7
Polypropylene and Crossflow  Cd*" 96.31 Enoch, van den Broeke and Spiering
polyethersulfone crt 99.98 (1994)
As™* >94.83
Hg** 99.25
Pb** 98.54
Se** 91.88
Zn** 99.19
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ions. Thereby, the micellar-enhanced UF (MEUF) and polymer-enhanced UF (PEUF) mem-
branes are suggested (Table 1.5).

MEUF membrane is formed by bonding UF and surfactant. It has high flux and high
selectivity, leading to high removal efficiency, low-energy consumption, and less space
demand. In MEUF, a surfactant is mixed with wastewater in a concentration above the
critical micellar concentration (CMC). Reportedly, beyond CMC, the surfactant monomers
assemble and create some micelles in the solution. PEUF is formed through the integration
of UF and binding polymers. PEUF are also known as polymer-supported, complexation,
polymer-assisted, size-enhanced, and complexation-enhanced UF. PEUF process blocks
and extracts polymer-bonded metal ions while allowing permeation of water and uncom-
plexed components through the membrane pores.

In heavy metal removal, the application of MF membrane process has not drawn much
attention because of its limited removal ability (Table 1.6).

1.6 Summary

Membrane processes that allow separating solutes from one another or the solvent with
no phase change are interface mass transfers. This chapter provides a comprehensive
insight into MF and UF membrane technology. The membrane technology is versatile and
has vast application in the field of water remediation; despite the extensive applications of
UF and MF membranes in numerous fields, the long-term stability of these membranes
are restricted due to certain limitations. The membrane fouling and CP are among the
most significant problems in pressure-driven membrane separation processes. The mem-
brane module and process configuration play a significant role in the overall membrane
performance. Based on application, the membranes can be characterized using both inva-
sive and noninvasive methods. The current research focusing on technological develop-
ments offers increased system efficiency, higher quality effluent, and alternative water
sources and helps end-users mitigate regional water quality and supply challenges.
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2.1 Introduction

Membrane-based separation processes have been most promising in efficiency, cost, appli-
cability, and ease of operation for the environment pollution abatement and separation indus-
try. Microfiltration (MF) and ultrafiltration (UF) are low-pressure-driven membrane processes
conventionally used in treating wastewater, water treatment, pretreatment before advanced
membrane filtration, industrial chemical separation, and food processing. These MF/UF mem-
branes are either ceramic or polymeric, with their tailing inherent benefits and drawbacks.
This chapter primarily focuses on the polymeric membrane for MF/UF-based applications. In
recent years’ polymeric membranes have gained unprecedented interest in the membrane-
based separation industries and filtration markets because they are economical, easily applica-
ble, handle large volumes of water, and lower carbon footprint. However, polymeric
membrane limits its applied scale in adverse conditions owing to comparatively low chemical,
mechanical, and thermal resistance. A continuous effort has been put in to circumvent these
trade-offs by decorating desired properties on the polymeric membrane via material engineer-
ing and surface modification.

On the other hand, extensive research and many studies have been conducted to reduce
time-based flux decline, heighten selectivity and reduce membrane fouling, which is the most
crucial problem in applying polymeric membranes. MF/UF processes are usually the first line
of treatment in membrane treatment processes and comparatively face a large water volume
requiring high flux and surface area. The development of new materials and techniques for
fabricating and modifying polymeric MF/UF membranes with controlled pore-size distribu-
tion, selectivity, and antifouling behavior has been the battleground for researchers, and sub-
stantial growth has been achieved the field. This chapter covers the most recent and applicable
development regarding the preparation, modification, and performance of polymeric MF/UF
membranes for the separation and purification industry.

Advancement in Polymer-Based Membranes for Water Remediation
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2.2 Polymers as raw material to synthesize microfiltration/ultrafiltration membranes

For polymeric MF/UF membrane preparation, polymers are considered one of the primary
membrane materials. In MF/UF membranes, polymers with high hydrophilicity are more
favored for their high permeability to water and are more resistant to fouling from negatively
charged particles (such as protein and humic acid). In addition to hydrophilicity, permeability,
strength, flexibility, and chemical resistance to the feed solution are essential properties that
need to be considered during the selection of polymers as membrane material. For the prepa-
ration of porous (or microporous) membranes, both polymeric and ceramic membranes are
used. However, considering a commercial application, polymeric membranes are most widely
used. Some crucial polymers (both hydrophilic and hydrophobic) used as membrane material
at the laboratory to commercial scale:

1. Hydrophilic polymers: poly(vinyl alcohol) (PVA), poly(vinyl chloride) (PVC), polyamide
(PA), poly(acrylic acid) (PAA), poly(ethylene oxide) (PEOX), polyacrylonitrile (PAN), poly
(vinyl acetate) (PVAC), poly(vinyl butyral) (PVB), poly(p-hydroxy styrene) (PHS), cellulose
and its derivatives (such as cellulose acetate, CA; cellulose triacetate, CTA; cellulose acetate
butyrate, CAB; cellulose acetate propionate, CAP; cellulose nitrate, CN; cellulose
propionate, CP; ethyl cellulose, EC; carboxymethyl cellulose, CMC).

2. Hydrophobic polymers: polysulfone, PSF; polyethersulfone, PES; poly(vinylidene
fluoride), PVDF; polycarbonate, PC; polypropylene, PP; poly(methyl methacrylate),
PMMA; polytetrafluoroethylene, PTFE; polyethylene, PE; silicone, Si; polyphenylene
oxide, PPO; polyphenylene sulfide, PPS; polystyrene, PS.

2.2.1 Classification

According to conventional methods, the membrane can be classified based on membrane
materials (such as organic polymers, inorganic materials, mixed matrix), cross-section (such as
symmetric, asymmetric, bi- or multilayer, a thin layer, or mixed matrix composite), prepara-
tion method (track etching, stretching, sol-gel process, phase inversion, and interface reaction),
membrane shape [such as hollow fiber (HF), and flat-sheet]. Table 2.1 summarizes common
polymeric materials used to fabricate UF/MF membranes for water and wastewater treatment
processes.

2.2.2 Membrane fabrication method microfiltration/ultrafiltration

The polymeric membrane preparation techniques conventionally depend on the selected
polymer and specification of the membrane structure. Several techniques are available to trans-
form the polymeric material to achieve a polymer. This section discusses the basic working
principle, advantages and disadvantages of membrane fabrication techniques, such as stretch-
ing, sintering, track etching, template leaching, interfacial polymerization, phase inversion
[including immersion precipitation, thermally induced phase separation (TIPS), evaporation-
induced phase separation, vapor-induced phase separation (VIPS), and precipitation by con-
trolled evaporation], and electrospinning. The membrane fabrication technique can be broadly
categorized as (1) mechanical and (2) chemical techniques.
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TABLE 2.1 Common membrane material used for fabrication of polymeric microfiltration/ultrafiltration (MF/UF) membrane.

Mechanical Hydrophilicity/ pH  Chlorine
Polymer Acronym Advantages Disadvantages strength Contact angle range resistance Reference
Cellulose CA Abundant availability, Poor chemical and  Low—moderate Hydrophilic; 4—8 Resistant Lee, Heo, Jo, &
acetate low-cost, high thermal resistance, 20°—-30° Min (2016),
hydrophilicity, mechanical Sossna, Hollas,
biocompatible strength, Schaper, &
biodegradability, Scheper (2007)
and susceptible to
greater compaction
Chitosan CS Wide availability, low-  Low solubility in Low—moderate Hydrophilic; 4—-10 Resistant Joshi & Kumar
cost, high hydrophilicity, solvents, easily 12°-30° (2018), Salehi,
biocompatible, agglomerate in an Daraei, & Arabi
multifunctional groups  aqueous medium, Shamsabadi
brittle in nature (2016)
Cyclodextrin SH High surface Needs chemical Low Hydrophilic; 2—9  Resistant Ahmadi,
derived from functionalities, derivatization, tend 20°—-30° Javanbakht,
Starch hydrophilicity, porosity, to retrograde, Akbari-adergani,
and high permeability thermal & Shabanian
through cavities pf decomposition, and (2019), Wang,
toroidal arrangement low shear resistance Guo, Zhang,
Fang, & Zhu
(2019)
Alginate Alg Biocompeatibility, Soluble in aqueous  Low Hydrophilic; 6—10 Resistant Li et al. (2017),
hydrophilicity, low solution hence 30°—40° Meng, Winters,

toxicity, relatively low
cost, good membrane-

needs
derivatization,

& Liu (2015),
Mokhena & Luyt

forming properties, generally needs (2017)
multifunctional groups,  support layer
and a plurality of charge

(Continued)



TABLE 2.1 (Continued)
Mechanical Hydrophilicity/ pH  Chlorine
Polymer Acronym Advantages Disadvantages strength Contact angle range resistance Reference
Poly(lactic acid) PLA Natural hydrophilicity, = Poor mechanical Low to Hydrophilic; 2—10 Resistant Li, Hashaikeh, &
higher mechanical and strength compared = moderate 20°—-40° Arafat (2013),
physical properties than  to the synthetic Moriya,
other natural polymers,  polymer membrane Maruyama,
high water flux Ohmukai, Sotani,
& Matsuyama
(2009)
Polysulfone PSF Good mechanical Hydrophobic in Good Fair/ ~75° 1-13 Resistant Tweddle,
strength, thermal natureCannot Kutowy, Thayer,
stability, and chemically tolerate pressure & Sourirajan
resistant above 7 bar (1983)
Polyether PES Good thermal properties, Hydrophobic in Good Fair/ ~70° 1-13 Resistant Ida (2021)
sulfone rigid, compaction natureCannot
resistant, very tolerate pressure
permeable, oxidant above 7 bar
tolerant, narrow pore-
size distribution
Polyvinylidiene PVDF Very oxidant tolerant, Broader pore-size Good Poor/100° 2—11 Fair Ji, Liu, Hashim,
fluoride chlorine resistant distribution Abed, & Li
(2015)
Polyethylene PE High resistance to Poor thermal Fair Poor 1-14 Poor Zaidi & Lakhi
organic solvents, low properties, weaker (2016)
cost, oxidant tolerant fouling resistance
Polypropylene PP High resistance to Weaker fouling Fair Fair 2—13 Poor Ran (2015)
organic solvents, decent  resistance, not
mechanical strength oxidant tolerant
Polyamide PA Small pores, excellent Poor acid and alkali Fair Good/ ~55° 1-13 Poor Lau (2016)

rejection, selectivity

resistance weak,
experiences
compaction
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2.2.2,1 Mechanical techniques
2.2.2.1.1 Stretching

Stretching is another relatively simple procedure for the preparation of a microporous
membrane. This technique is employed with polyethylene or polytetrafluoroethylene films
that have been extruded from a polymer powder and stretched perpendicular to the direc-
tion of extrusion. The applied mechanical stress results in minor rapture, resulting in a
porous structure with a pore size of 0.1-3 pm.

The rate of stretching and the environment inside the system determines the pore and
pore-size distribution. The stretched membranes made of polytetrafluoroethylene are fre-
quently used as water-repellent textiles for clothing (such as tents, sleeping bags). This
membrane reportedly has high porosity (up to 90%) and high permeability for gases and
vapors. Therefore, the membrane repels rainwater but permits the water vapor from the
body to permeate. Other applications of this membrane include removing ethanol from
fermentation broth (or beer/wine) to produce low alcohol and medical applications
(such as artificial blood vessels and burn dressing).

2.2.2.1.2 Sintering

The sintering can be used for the preparation of porous membranes both from organic
and inorganic materials. This technique involves pressing powdered (polymeric) particles
(of required particle size) sintered at an elevated temperature. The temperature required
for sintering primarily depends on the material used. During the sintering process, the
interface between the contacting particle disappears (Fig. 2.1).

The resulting membrane’s pore size is controlled by selecting the polymer powder with
suitable particle size and distribution. The sintering technique is suitable for producing mem-
branes with pore sizes ranging from 0.1 to 10 pm (i.e., applicable for MF membrane only).

2.2.2.2 Chemical techniques
2.2.2.2.1 Track etching

The assembly of parallel cylindrical pores of uniform dimensions is obtained by track
etching. The schematic representation of the track-etching technique is given in Fig. 2.2.

A polymeric foil or film (of polycarbonate) is subjected to high-energy particle radiation
perpendicular to the film in this membrane preparation technique. The radiation particles
damage the polymeric matrix, which subsequently results in tracks. The film is then
immersed in an acid/alkali bath where the polymeric materials are etched away along
these tracks resulting in uniform cylindrical pores (ranging between 0.2 and 10 pm) with
narrow pore-size distribution. In this technique, the porosity and pore diameter is maintained

AN AT TN \//_\_\ FIGURE 2.1 Schematic representation
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Radiation FIGURE 2.2 Schematic representation of track
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by manipulating radiation and etching time. The track-etched polymeric membranes are gen-
erally prepared using polycarbonate or poly(ethylene terephthalate) films. Due to their narrow
pore-size distribution and low tendency to plug, capillary pore membranes made from poly-
carbonates and polyesters have found extensive-scale applications in analytical chemistry and
microbiological laboratories, and medical diagnostic procedures. Capillary pore membranes
are also used to produce ultrapure water for the electronic industry, showing certain advan-
tages over other membrane products due to their short “rinse down” time and good long-
term flux stability. Nevertheless, these membranes have limitations because pores’ preparation
with diameters in the lower nanometer range is not possible.

2.2.2.2.2 Template leaching

Template leaching is an essential fabrication technique for preparing isotropic micropo-
rous membranes by leaching out one component from the polymeric film. In this method,
a homogeneous melt (at 1000°C—1500°C) of 3 components (polymeric membrane matrix
material and a leachable component) is cooled, and as a consequence, the system sep