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Foreword (Second Edition, 2020)

In the foreword to the first edition of this book, Robert J. (Bob) Petersen wrote
a masterful commentary on the beginning of the nanofiltration era. Little did we
know then that this terminology would become so widespread in its use today. It
is a testament to the wide breadth of applications for the technology.

In its infancy, when it was still called “loose membranes,” companies sought
applications with higher valued end products. The “single stage seawater reverse
osmosis” membrane was an elusive goal of nearly all companies and the govern-
ment agency Office of Water Research Technology. It was, after all, highlighted in
a much publicized speech made by President John F. Kennedy. Many companies
fell by the wayside when they could not achieve this sought-after goal.

One of the secondary goals was the separation of sugar and salt. We thought
this was a plausible separation considering the difference in size and stereo-
chemistry of the disaccharide sucrose and sodium chloride. In those early days,
cellulose (both di- and tri-acetate) was the polymer of choice. The techniques
employed hearkened of alchemy more than polymer science. Th additives were
referred to as “pore formers” rather than surface charge modifiers or other
more sophisticated techniques used today. The initial attempts were technically
successful, but not economically competitive with existing sugar purification
techniques, but they did spawn new applications for membranes.

One of the early successful applications was the concentration of cheese whey
followed by drum drying, made necessary by the need to alleviate river and
surface water pollution. Along the way, successful applications such as separation
of enzymes from mother liquor and extraction of proteins from cheese whey
became commonplace. The successful removal of proteins from whey made it
possible to recover water-soluble protein instead of denatured protein using
thermal methods.

Th development of these applications also kick-started the use of more sophis-
ticated hardware for the systems — clean-in-place, for example, was essential for
food-grade and bio-pharma processing. Tubular membranes were very expen-
sive and energy intensive but the recycling of recovered water-soluble paint in
the automotive industry was a well-known exception. Smaller diameter multi-
ple tubular module configurations resulted, which improved energy consumption
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but were still costly. The advent of hollow fibers greatly improved surface area to
volume ratio and spawned a huge application of membranes for wastewater reuse.

Th expanded use of nanofiltration for commercial applications and
industrial/domestic wastewater treatment has been nothing short of amaz-
ing. It now appears possible to solve age old problems such as produced
water disposal by combining new membrane science with more conventional
processes. Ceramic membranes, once considered overly expensive, are now
more frequently included for difficult applications.

I have been encouraged by the sophisticated advances in polymer chemistry in
recent years. Perhaps today’s bright young minds can delve into the intricacies
of polymer click chemistry and develop unique new nanofiltration membranes
through bioconjugation science. Th s may afford a pathway to the solution of the
‘big elephant in the room,” which is membrane fouling.

Th future for nanofiltration continues to be promising, challenging, and
ever-changing.

10 February 2020 David H. Furukawa
Poway, CA, USA Consultant to Filmtec from 1978, VP Marketing from 1983
(David attended the meeting with Bob Petersen and

John Cadotte when the term, Nanofiltration, was first used.)



Foreword (First Edition, 2005)

It was around the end of 1984. A few of us were gathered in the office of FilmTec’s
advertising manager to tackle a problem of terminology. What does one call a
reverse osmosis process that selectively and purposely allows some ionic solutes
in a feed water to permeate through? Th phrase “loose RO” had been used,
but it connoted the idea of leaky membranes. FilmTec had moved on to the
expression “hybrid RO-UE” planning to name some products as hybrid RO-UF
membranes. However, neither “loose RO” nor “hybrid” translated well into
Japanese. According to FilmTec’s Japanese distributor, the latter term carried
objectionable overtones in Japanese.

Th source of this naming problem was NS-300, a membrane discovered at
North Star Research Institute. In 1976, John Cadotte combined piperazine with
trimesoyl chloride, alone and blended with isophthaloyl chloride, to produce
a series of thin-film-composite membranes with surprisingly high flux. Th se
membranes also exhibited high permeability to aqueous chloride ions but
high rejection of aqueous sulfate ions. Th membrane was an orphan. Th
U.S. government’s Office of Water Research and Technology, which sponsored
the research, did not see any particular usefulness of the membrane for its
purposes, which were primarily the development of national water resources.
But FilmTec took an interest in it, with industrial applications in mind. Among
these were salt whey concentration, pulp and paper effluent treatment, and
preparation of sulfate-free seawater on oil platforms for secondary oil recovery
operations in barium-containing oilfield strata. FilmTec had named its version
of the membrane as FT40. Naming the membrane was not an issue. Naming the
process was the problem!

I remember suggesting that FilmTec adopt the term “nanofiltration” for
such processes. Th term had at least some logical basis. First, Sourirajan and
Matsuura had calculated the size of a hypothetical capillary pore in annealed
cellulose acetate membranes to be about 9 A to 0.9 nm — in their development
of the surface force/capillary flow model of reverse osmosis. Our “loose”
membranes would correspondingly have hypothetical capillary pores slightly
larger, presumably in the 1.0-1.2nm range. Second, hyperfiltration was a
term often used in early research on reverse osmosis membranes, and was
deemed synonymous with reverse osmosis. Why not simply connect “nano” to
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“filtration”? Thid, “nanograde” solvents were in wide use, and a term
incorporating “nano” would connote goodness, purity, quality (Thts a
suggestion designed to carry great influence with an advertising man!). One of
the advantages of working in a small company was the ability to make instant
decisions. We left that meeting with a mandate to use nanofiltration in our
trade literature and publications. And two of FilmTec’s “FT” membranes were
immediately recast as “NF” membranes.

It did not occur to me at the time that the term nanofiltration could be easily
transliterated into foreign languages. That is, nanofiltration could be used with-
out modification in some languages, and easily adopted into others by minor
changes in spelling. Further, nanofiltration as a descriptor carried no “baggage”
with it. As a new word, it referred to a particular membrane process for which it
was coined, and to no other. Within a few years, other membrane scientists began
using the word nanofiltration. Its widespread use today is testament to the need
for just such a descriptor in the membrane lexicon.

As the body of literature on nanofiltration membranes and processes has
expanded, the meaning of the term has necessarily been stretched to accom-
modate the wide range of features. It is appropriate that this book begins with
an effort to define the term. An interesting aspect of nanofiltration membranes
is the fact that so many parameters can come into play, when one tries to
model and characterize the pressure-driven selectivities of such membranes.
Parameters may include, for example, ionic interactions such as Donnan ion
repulsion, site sharing phenomena by polyvalent ions in charged membranes,
solute—membrane adsorption affinities, and stearic size interactions. Compared
to modeling of nanofiltration membrane behavior, modeling the behavior of
high rejection reverse osmosis membranes was a comparatively simpler task.

Standard reverse osmosis for water purification has matured in many respects,
and has become in large part the domain of engineers engaged in issues of yield,
consistency, quality, and manufacturing efficiency. Th objective is always the
same — make a pure water permeate with the lowest cost. But nanofiltration, in my
opinion, remains the most fascinating extension of reverse osmosis technology.
Nanofiltration offers to the membrane scientist a variety of membrane possibil-
ities and a plethora of fascinating applications. Reverse osmosis is like the main
course of a dinner, like a beefsteak that can be prepared in only a limited number
of ways, but satisfies the hunger. Nanofiltration, on the other hand, is like the wine
menu accompanying the meal — an opportunity for creativity and exploration. As
you explore this book, enjoy the wonderful variety it provides on the subject of
nanofiltration.

23 December 2002 Robert J. Petersen
Minneapolis, MN, USA Director of Research (from 1978), Filmtec Corp



Acknowledgements

This book has been on a 20-year journey that started with an idea in 2000 based
on the realization that nanofiltration was not covered in its own right by mem-
brane books existing at the time. Th first edition “Nanofiltration: Principles and
Applications” was eventually published by Elsevier in 2005. Fifteen years on, the
second edition “Nanofiltration: Principles, Applications, and New Materials” is
about to appear with Wiley-VCH.

Editing the first book was a challenge for a then very young scientist, while
the excitement of working with so many much more established colleagues
was immense, providing the driving force. Repeating this effort two decades
later brought new challenges. Time and time again we wondered where the
energy should come from to complete this task that appeared to be delaying
into the infinite. But, we made it! We are deeply indebted to our contributors
for their patience and for giving in to our incessant reminders and ultimately
delivering the goods. Many of the original authors from the first edition
had since retired or changed research direction, which left us with material
too good to discard, yet also needing new caretakers to honor these efforts
and produce new updated chapters. This was managed on a very individual
chapter-by-chapter basis and we have communicated the wishes of those
involved carefully. This new edition has been enriched with several new
chapters, as well as an entire new section looking at new materials relevant for
nanofiltration.

While the foundations of the second edition lie firmly grounded in the original
work, several key transitions have transpired. Thus, we would like to thank
Professor David Waite (UNSW, Australia) for his initial contributions as an
editor of the first edition, and our previous publisher Kostas Marinakis (Elsevier,
Netherlands) for the long cooperation and handing over to Wiley-VCH in the
most cooperative manner. Warm thanks go to Dr. Frank Weinreich (Wiley-VCH)
for being available, effective, and a pleasure to deal with, even concerning the
most challenging difficulties. Hopefully we can meet in person soon!

xvii



xviii

Acknowledgements

Th highlight for this second edition was to be the book launch in the form of
an international conference “Nanofiltration 2020” at the Achalm, Germany, in
July 2020. Given the global COVID-19 pandemic this event was postponed to
July 2021 and again to June 2022, and it appears we may have needed the extra
time to finally get published. The generosity of our publisher (Dr. Frank Wein-
reich, Wiley-VCH) with sponsoring the wine for the event dinner is gratefully
acknowledged. We are, of course, looking forward to this event in a very special
environment and to celebrate the joint effort of the book, hopefully in person.

Th foreword of the first edition was kindly provided by Robert J. (Bob)
Petersen, while David H. Furukawa has provided the foreword for the current
edition. Both are included in this book. Bob Petersen and David Furukawa are
witnesses to the birth of the term nanofiltration. David H. Furukawa was a
consultant to Filmtec from 1978, and VP Marketing from 1983, while Robert J.
Petersen was the Director of Research (from 1978), Filmtec Corp. Both attended
the meeting with John Cadotte when the term, Nanofiltration, was first used. It
is a great privilege to have this moment of history present through the forewords
of both editions.

Most importantly of course, about 70 authors from 16 countries have
contributed to this new edition and put up with our requests, reviews, comments,
formatting requirements, revising proofs, and (well, at least to an extent!) the
deadlines some well into their retirement — all in return for a token honorarium. It
has been a great pleasure to be in touch with you over the last several years, many
of you several decades now, and we are especially grateful to those who agreed at
the last minute to fill in for those who could no longer contribute so that the book
could still proceed.

Reviewing book chapters is an enormous task and we appreciate the time taken
and contributions made by the scientific reviewers in assisting the editors, with
the challenge to peer review each chapter by two to three international experts.
Great appreciation goes to colleagues and friends, some of whom have reviewed
several chapters, some at very short notice, and most generously giving time and
ideas.

Sadly, our co-author Dr. Martin Timmer and our reviewer Dr. Darrel
Alec Patterson passed away — both far too early — during the preparation
of the second edition. We will keep both in our memory. Darrel wrote
to us in 2006 very poignantly “I very much enjoyed your excellent book
“Nanofiltration — Principles and Applications.” It is great to have works from so
many well regarded experts in one volume! Just one comment — the quote by
anonymous in the Acknowledgements section can be attributed to the late and
great Douglas Adams (author of among other things, “The Hitchhikers Guide to
the Galaxy’ in its various forms) who was quite well known for his lack of regard
for deadlines (to the chagrin of his publishers!).” Reading Darrel’s words once
again, we realized that the tempo was more sedate in the second edition, and the
deadlines seemed to make less of a whooshing sound ... or maybe they did, but
we did not notice them above the background noise.
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Introduction
Andreal l. Schdifer

Nanofiltration (NF) is a liquid-phase pressure-driven membrane process with
separation properties that overlap with both ultrafiltration (UF) and reverse
osmosis (RO). Figure 1 indicates the approximate range of solute sizes relevant
to the family of liquid-phase, pressure-driven membrane processes from RO
to MF in comparison with other membrane processes, where the boundaries
between the various processes are not precisely defined. Here, NF can be seen
to fill an important gap between UF and RO, where it is able to fractionate ions
and retain relatively low molecular weight organic solutes. These are important
separations that have commercially significant applications. Notably, as defined
in Figure 1 as “micros” and “macros,” NF can retain typical water contaminants
such as humic substances almost completely, “micros” such as micropollutants
to a significant extent while the retention of salt can be tuned to a great extent
with the choice of membrane between loose and tight NF.

In the Introduction section to the first edition “Nanofiltration — Principles and
Applications” (2005) [1], the question of whether NF deserved to be considered a
process in its own right or whether it was really very loose reverse osmosis (RO) or
very tight ultrafiltration (UF) was discussed. At that time, this was a moot point,
even though NF had just caught up with the volume of publications of reserve
osmosis. However, given the unique properties of NF membranes, the separa-
tion mechanisms identified, and the application niches that have developed, it is
evident that NF fits into a special category. Th first edition of this book helped
to define the domain of nanofiltration, and the subsequent decade has confirmed
the unique attributes of NF.

It is now widely accepted that NF membranes have individual pores, unlike
RO membranes that have dynamic “free volume” between polymer domains.
Figure 2a shows an atomic force microscopy (AFM) image, possibly the first,
of a pore in a NF membrane and Figure 2b shows the measured pore size
distribution of that particular membrane [2, 3]. Th nanometer-scale pores
allow passage of solvent water (approximate diameter is 0.275nm) but retain
dissolved species — very close to the size of water — on the basis of steric
hindrance, electrostatic and dielectric interactions, as well as interactions with
the membrane polymer. For example, differences in hydrated ion size and charge
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Figure 1 Liquid-phase pressure-driven membrane processes — typical solute separations at
the 1 nm solute scale distinguishing ultrafiltration from reverse osmosis.
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Figure 2 Pores in NF membranes: (a) AFM image and (b) pore size distribution.
Source: Adapted from [2, 3].

provide the mechanisms for the separation of monovalent and multivalent ions
that is typical of NE. More generally, the unique separation properties for typical
nanofiltration membranes with negative surface charge have been identified
previously [1] and characterized by the following:

1. rejection of ions with more than one negative charge (multivalent anions),
such as sulfate (SOZ') and phosphate (PO?;_), being virtually complete;

2. rejection of sodium chloride (NaCl) varying from about 70% down to 0%, while
even a negative rejection may be observed in mixed systems with multivalent
cations;
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3. rejection of uncharged, dissolved materials and also of positively charged ions
in solutions to relate mostly to the size and shape of the molecule in question;
and the

4. molecular weight cutoff (MWCO) to be in the range of 150-300 Da.

In addition, NF has a growing role in nonaqueous separations that are largely
based on size exclusion mechanisms, modified by membrane solute interactions
such as swelling.

In terms of performance, NF membranes can exhibit water permeabilities, A,
in the range of about 5-151/m? hbar, which are up to an order of magnitude
higher than RO, but 1 or 2 orders of magnitude less than typical UF. This offers,
at appropriate rejection, a significant energy saving compared to RO. This is a
major advantage in many applications.

Th retention behavior vs. pressure can reflect both the behavior of UF and
RO (Figure 3), depending on the membrane and solute. A solute with a loose
membrane with partial retention will show a more typical UF behavior where
retention may decrease with pressure. For partially retentive UF membranes, and
in the absence of fouling, the effect of increased pressure is typically a reduction
in the observed retention (Figure 3). In the UF process, solutes are convected
through the pores by solvent flow, and this solute transport is exacerbated by
concentration polarization (CP), which tends to be much more significant in
UE, whereas CP increases with flux and solute size. Th same is true for NF,
albeit for different solutes to UF. Tight membranes are typically showing an
increase toward an asymptote as in RO. This trend can be explained in terms
of the solution—diffusion transport mechanism applied to “nonporous” RO
membranes, which assumes that solute and solvent transport are uncoupled;
pressure increases solvent water flow, and “dilutes” the solute in the permeate.

Th “RO-like” behavior of tight NF is likely a combination of the effect of
restricted convection in confined pores and the modest level of CP in typical

100

Tight NF
80 -

60 -

40

Retention (%)

20 A

0 T T T A
0 5 10 15 45 50
Transmembrane pressure (bar)

Figure 3 Schematic trends of solute retention vs. pressure for ultrafiltration, loose/tight
nanofiltration, and reverse osmosis (lines are indicative only).
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Figure 5 Publications in Journal of Membrane Science (Elsevier) for nanofiltration (NF) and
both Solvent and Water NF.

NF applications, whereas in loose NF, the behavior is much more “UF-like” for
certain solutes.

Th growing interest in NF is evidenced by research outputs (number of
publications) and commercial activity (global market value). Figure 4 shows
publication trends from 1987 based on the topic “Nanofiltration” from the
Web of Science database, while Figure 5 shows the same trend in the Journal
of Membrane Science. Since the first edition (2005), the annual output of
NF-related publications has increased by a factor of >4, from about 300 to about
1300 (in 2019). Publications in the Journal of Membrane Science (JMS) reflect
these trends with NF (in topic) rising from about 60 in 2005 to about 160 in
2019. Unsurprisingly, the majority of these papers relate to water treatment,
which reflects that hardness removal, organic matter (humic substances and
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Figure 6 Global Market for Nanofiltration Membranes, 2012-2019 (US$ millions). Source: Data
from BCC Research [4].

Table 1 Global Market for Nanofiltration Membranes with Market Segments (CAGR is the
compound annual growth rate [CAGR] with a constant rate of return).

CAGR%
Market segment 2012 2013 2014 2019 2014-2019

Water and wastewater treatment 128.1 141.4 160.8 338.5 16.1

Food and beverages 23.8 26.5 30.4 48.8 9.9
Pharmaceutical and biomedical 7.8 8.4 9.3 22.7 19.5
Others 13.1 13.9 15.1 35.1 18.4
Total 172.8 190.2 215.6 445.1 15.6

Source: Data from BCC Research [4].

disinfection by-product precursors) removal, and trace contaminants are major
concerns in the water industry and NF can remove many of these effectively.
An increasing number relate to NF of organic solvents, and this research interest
may anticipate a future growth area for NF applications.

Commercially, NF is experiencing an equally significant growth in applications
reflected in global market value and compound annual growth rate (CAGR). The
data in Figure 6 and Table 1 were sourced from a BCC Research report [4] and
show

e apredicted CAGR from 2014 to 2019 to be >15.0%;

o aglobal market of nearly US$0.5 billion by 2019, of which ~75% is for the water
industry;

o steady growth in applications in the food and beverage sector and the pharma-
ceutical and biomedical sector.

A more recent BCC report [5] predicts a CAGR from 2019 to 2024 of 18.2% and
a market of US$518 million in 2019 growing to US$1.2 billion in 2024, of which
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~75% is for the water industry. Since the first edition in 2005, the NF market has
probably grown from 2.5 to 4-fold, and the data provided in Figure 6 and Table 1
predict a very strong future for nanofiltration indeed.

Such a promising outlook raises the question what impact this NF “boom” will
have. Savings in energy compared to RO will make a positive contribution to car-
bon emissions, the treatment of wastewaters in particular will reduce pollution
and enable the recovery of previous resources, and the development of decentral-
ized water treatment systems can alleviate much water-related illness and death
in developing countries.

On the other hand, the increase in NF application will cost energy and cause
CO, emissions, will produce concentrates that are to be treated (zero liquid
discharge technologies are to date not yet available and/or economical), and,
ultimately, the vast nanofiltration market will result in mountains of spend
membrane modules to be disposed of. Th se negative features maybe offset by
the use of renewable energy-driven NF (see Chapter 22), development of zero
liquid discharge technologies (including resource recovery) [6], and strategies to
reuse or recycle RO and NF membrane modules (7, 8].

One can only wish that the enormous market and inevitably profits made will
be reinvested into meaningful research to develop more efficient technologies
that have less of an impact and create a net positive benefit to our environment.
A new generation of engineers and researchers may indeed be driven more by
environmental impact than financial gain.

May this book provide a contribution to teach about nanofiltration and inspire a
new generation of exciting applications and developments beyond nanofiltration
as we currently know it.

Th book is divided into three parts — a fundamental section on principles, an
applications section, and a new materials section. Th overview layout for the
new book is presented in Figure 7.

From a history of nanofiltration chapter (Chapter 1), the book takes the reader
to membrane preparation and materials (Chapter 2), module design and opera-
tion (Chapter 3), membrane characterization (Chapter 4), NF membrane perfor-
mance modeling (Chapter 5), solute speciation effects in NF (Chapter 6), and an
overview of current understanding of fouling (Chapter 7) to pretreatment pro-
cesses and process combinations with NF (Chapter 8), which concludes Part 1:
Nanofiltration Principles.

In Part 2, Nanofiltration Applications, the contents reflect the major, and in
some cases potential, applications of nanofiltration. This takes the reader from
NF in water treatment (Chapter 9) and water reclamation (Chapter 10) via NF
in the food industry (Chapter 11), chemical processing (Chapter 12), pulp and
paper (Chapter 13), and textiles (Chapter 14) to landfill leachates (Chapter 15),
nanofiltration bioreactors (Chapter 16), photocatalytic reactors (Chapter 17),
metal and acid recovery (Chapter 18), trace contaminant removal (Chapter 19),
the growing area of nonaqueous applications (Chapter 20), issues of NF retentate
treatment (Chapter 21, new), and use of renewable energy to provide power to
NF (Chapter 22, new).
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PART 1: Nanofiltration Principles

e Chapter 1: History of Nanofiltration Membranes 1960 to 1990
¢ Chapter 2: Nanofiltration Membrane Materials and Preparation
» Chapter 3: Nanofiltration Module Design and Operation
¢ Chapter 4: Nanofiltration Membrane Characterization
* Chapter 5: Modeling Nanofiltration of Electrolyte Solutions
e Chapter 6: Chemical Speciation Effects in Nanofiltration Separation
e Chapter 7: Fouling in Nanofiltration
\ e Chapter 8: Pretreatment and Hybrid Processes /

: Nanofiltration Applications

\

e Chapter 9: Water Treatment

e Chapter 10: Water Reclamation, Remediation and Cleaner
Production with Nanofiltration

e Chapter 11: Nanofiltration in the Food Industry

e Chapter 12: Nandfiltration in the Chemical Processing Industry

* Chapter 13: Nanofiltration in the Pulp and Paper Industry

¢ Chapter 14: Nanofiltration of Textile Dye Effluent

e Chapter 15: Nanofiltration in Landfill Leachate Treatment

e Chapter 16: Nanofiltration Bioreactors

* Chapter 17: Photocatalytic Nanofiltration Reactors

e Chapter 18: Nanofiltration in Hydrometallurgy

e Chapter 19: Trace Contaminant Removal with Nanofiltration

* Chapter 20: Organic Solvent Nanofiltration

e Chapter 21: Nanofiltration Retentate Treatment

\ * Chapter 22: Renewable Energy Powered Nanofiltration /

¢ Chapter 23: Carbon Nanotube Composite Materials for Nanofiltration
¢ Chapter 24: Biomimetic Nanofiltration Materials

¢ Chapter 25: Novel polymer-based materials for nanofiltration

¢ Chapter 26: Graphene based nanofiltration

Figure 7 Nanofiltration - Principles, Applications, and New Materials book structure.

In Part 3, New Nanofiltration Materials, four new chapters enrich the book in
terms of carbon nanotube composite materials (Chapter 23, new), artificial ion
and water channels (Chapter 24, new), novel polymer-based materials (Chapter
25, new), and graphene-based nanofiltration (Chapter 26, new). This leaves the
question — what really is nanofiltration?

In the foreword of the first edition (see earlier pages), Bob Petersen (former
CEO of Filmtec) concluded that “NF offers the membrane scientist a variety of
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membrane possibilities and a plethora of fascinating applications.” It is the aim
of this second edition of “Nanofiltration — Principles, Applications, and New
Materials” to update the science and engineering of NF membrane technology,
summarize the advances over the past decade or two, and look at how this exciting
field may change in the coming decades.

Enjoy the new and revised journey into Nanofiltration!
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History of Nanofiltration Membranes from 1960 to 1990
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Ben-Gurion University of the Negev, Zuckerberg Institute for Water Research, The Jacob Blaustein Institutes for
Desert Research, Sede Boger Campus, Laboratory for Desalination and Water Treatment Research,
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1.1 Overview

Th s chapter describes the developments in nanofiltration (NF) membranes from
the 1960s to the early 1990s that brought NF technology to its current status.
NF began as a spin-off of reverse osmosis (RO) and ultrafiltration (UF) and was
thus originally known as open RO, loose RO, or tight UF. Th origin of NF mem-
branes — and indeed of most pressure-driven membranes — can be traced back
to the late 1950s and the development of the Loeb—Sourirajan (L-S) anisotropic
or asymmetric cellulose acetate (CA) membranes for seawater desalination.
Th se membranes constituted the basis for modern membrane development in
RO and UF. Within a few years, RO composites comprising a submicron coating
of a selective film on an asymmetric UF support were developed. Progress in RO
and UF technology gave birth to yet another discipline — NF. Ths R&D effort
spanned a remarkably short period of time of about 15 years, starting in 1960.
In addition, by the early 1970s, a full range of CA asymmetric (or anisotropic)
membranes spanning the entire spectrum, from RO through NF to UFE, were
available. In the search for improved water treatment economics and for other
commercial applications, the limitations of CA as a membrane material were,
however, quickly revealed. Th se limitations restricted the range of applications
and impeded efforts to expand NF into new areas. One approach to overcoming
this problem was the development of integrally skinned asymmetric membranes
from materials other than CA, such as polyamides, polyethersulfone (PES),
polysulfones, chlorinated polyvinyl chloride (PVC), and polvinylidene fluoride
(PVDE). Although open NF membranes could be made by this approach,
the selectivity/flux combination needed for many applications could not be
achieved. The breakthrough in NF took place with the invention of noncellulosic
composites based on coating UF supports with a submicron selective barrier by
various methods such as interfacial polymerization. Th work on composites
started in the 1970s, but composite NF membranes were not widely available
until the second half of the 1980s. Another approach, which followed later, was

Nanofiltration: Principles, Applications, and New Materials,
Second Edition. Edited by Andrea Iris Schéifer and Anthony G. Fane.
© 2021 WILEY-VCH GmbH. Published 2021 by WILEY-VCH GmbH.
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the development of NF ceramic and inorganic membranes. Today, NF has the
power to solve many separation problems, but such actual applications are small
in number compared to the potential applications that still await improvements
in membrane stability, flux, and selectivity. Ongoing developments in NF
membrane preparation and materials are described in Chapter 2.

1.2 Introduction

Typically, separations of monovalent and divalent salts and organic solutes of
molecular weights up to 1000 characterize membrane selectivity between the RO
and UF regions. The range of membrane separation characteristics that are cov-
ered by this definition are currently known as NF. This term was not coined until
the second half of 1980s, but in reality, such membranes already existed in the
1960s, being categorized as open RO, loose RO, intermediate RO/UE, selective
RO, or tight UF membranes.

Th beginnings of NF are intertwined with the early days of RO, which are
vividly described by Loeb in his “Reminiscences and Recollections” [1]. Produc-
tion of potable water from saline solutions was first demonstrated by Reid and
Breton [2], working with Breton, at the University of Florida. They accomplished
desalination at a low flux with a cellulose acetate (CA) membrane. Th desali-
nation program at UCLA arrived at the use of commercially available CA mem-
branes from a different starting point: they had been looking for the manifestation
of the negative salt adsorption near the water/air interface predicted by the Gibbs
equation. In 1959, Loeb and Sourirajan experimented with porous CA mem-
branes obtained from Schleicher and Schuell (S&S), which after being heated
under water acted as desalination membranes only if installed in the experimen-
tally determined “right direction.” Loeb considered this behavior as “...the semi-
nal feature leading to the success of RO desalination and (to the) surge of interest
in...membrane separation processes.” The big step forward was the dramatic
increase in desalination flux with the development of the Loeb—Sourirajan (L-S)
membranes. Th y developed casting solutions resulting in anisotropic RO mem-
branes with fluxes 10 times higher than those of the S&S membranes, with equiv-
alent desalination. Th s development was based on the 1936 work of Dobry, who
cast CA membranes from an aqueous, saturated solution of magnesium perchlo-
rate [3]. Th mechanism of membrane formation was later termed by Kesting as
phase inversion [4]. It was shown by the electron micrograph studies of Riley et al.
[5, 6] that such membranes consisted of a thin (less than 1-um) layer on top of a
much thicker porous sublayer.

Th degree of desalting obtained with CA membranes depended on the condi-
tions of heat treatment used to anneal and further densify the top dense layer. It
was realized that the limited rejection observed with partial annealing could be
exploited in various applications, later to be called NF.

In the early 1970s, CA and other cellulose esters were the standard materials
used for making NF membranes, but it rapidly became evident that their lack of
chemical and biological stability severely limited the range of water and industrial
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applications. Thus, developments after 1975 concentrated on other materials and
other membrane fabrication processes, resulting in a second generation of mem-
branes based on noncellulosic NF composites.

In the second half of the 1980s, improvements in the stability, selectivity, and
flux of NF membranes were reflected in a growing number of applications. NF
was then being accepted as a useful unit operation for the water treatment, dairy,
and chemical industries. At that time, the term nanofiltration (NF) was intro-
duced by FilmTec; it was derived from the membrane’s selectivity toward non-
charged solutes of approximately 10 A or 1 nm cutoff.

Today, NF membranes are produced in spiral wound, plate and frame,
hollow fiber, capillary, and tubular configurations from a range of materials,
including cellulose derivatives, synthetic polymers, inorganic materials, and
organic/inorganic hybrids. A short history of the developments that have
brought us to the present state of art follows. Emphasis is placed on membrane
materials, chemistry, and separation mechanisms, with implicit, but full, recog-
nition of the developments in module design and membrane fabrication and
applications that have made commercial NF possible.

1.3 First-Generation NF Membranes

Remarkably, in the early 1970s, a whole range of membranes including what we
now call NF were commercially available. A list of such commercially available
membranes taken from a 1972 review chapter by Lonsdale [7] is given in
Table 1.1, covering a range of selectivity between RO and UFE. As implied by the
Table and article, NF membranes were not a distinct group but rather classified
as either open RO or tight UF. In addition, the membranes were either asymmet-
ric (anisotropic) or symmetric (isotropic), and the RO or NF membranes were
either based on cellulose or polyelectrolyte complex membranes.

1.3.1 Cellulose Acetate Asymmetric Membranes

Th 1964 U.S. patent of Loeb and Sourirajan describes in addition to membranes
with 95+% rejection, open RO membranes with rejections in the range of
20-80% [8]. As pointed out in these patents and others, a wide range of open
RO selectivities could be achieved by variation of casting solution composition,
evaporation period, and annealing (Table 1.2) [9]. Subsequently, other workers
also found that, by incorporating additives into the casting solution, CA mem-
branes could be formed over a wide range of molecular weight cutoffs (MWCOs)
that extended from tight RO up to UF, including the intermediate NF range [7].
For example, Cohen and Loeb [10] showed how CA membranes could be cast
and modified by heat treatment to form either membranes that retain sucrose
and multivalent ions with sodium chloride passage or membranes that pass
sucrose but retain multivalent inorganic or organic ions. A transmission electron
micrograph of a Loeb—Sourirajan asymmetric cellulose acetate membrane shows
the characteristic integrally skinned layered upper surface on a porous support



Table 1.1 Commercially available loose RO (NF) membranes in 1973.

Membrane: Manufacturer Chemical Net pressure  Water flux  Solute Rejection
Type composition psi 1/m2d %
Loeb-Sourirajan: Several Cellulose acetate 150 20 gfd NaCl 25
anisotropic, unannealed

Gel cellophane DuPont, Union Carbide Homogeneous 100 1.5 Sucrose 15
Polyelectrolyte: anisotropic Amicon Sodium polystyrene sulfonate-polyvinylbenzyl 100 25 Sucrose 90
(Diaflo UM-3) triethylammonium chloride

Polyelectrolyte: Anisotropic ~ Amicon Sodium polystyrene sulfonate-polyvinylbenzyl 100 60 Sucrose 50
(Diaflo UM-2) triethylammonium chloride

Anisotropic: Pellicon PSAC Millipore Cellulose ester 100 120 Sucrose  40-60

Source: From Lonsdale 1972 [7], Table 8, p. 160 with permission from the John Wiley and Sons.
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Table 1.2 Influence of evaporation and annealing temperature on flux/rejection of
Loeb-Sourirajan membranes.

Membrane casting Evaporation  Annealing

solution time (min) temperature (°C)  Flux (GFD)  Rejection (%)
Acetone 45%, formamide 1 23 97 25.2
30%, 25% CA

Acetone 45%, formamide 1 68.5 44 79
30%, 25% CA

Acetone 45%, formamide 1 71 25.6 88
30%, 25% CA

Acetone 45%, formamide 1 74 30 92
30%, 25% CA

DMF75%/CA 25% 8 87.2 55.6 63
DMF75%/CA 25% 8 93 10.8 97
Acetone 64%/ DMF 21% 3.5 Unheated 12.4 89
CA 14%

Membrane casting and evaporation step are carried out under ambient conditions. Membrane
testing: 600 psi, RT, and 5000 ppm NaCl.

Figure 1.1 Transmission electron micrograph
cross section of the skin and upper porous
layer of a Loeb-Sourirajan cellulose acetate
membrane. Source: McKinney and Rhode [11].
Reproduced with permission of ACS
Publictions.

(Figure 1.1) [12]. This new method of phase inversion was found to be a very
versatile tool for forming multilayered membrane structures with a controllable
wide variety of morphologies and porosities [4].

Thus, in the early 1970s, membranes based on asymmetric CA, covering the
NF range, became commercially available [13] from different suppliers, including
Patterson Candy International Ltd. (PCI), Westinghouse Electric Corporation,
Millipore, and De Danske Sukkerfabrikker (DDS), among others. These compa-
nies offered a range of asymmetric CA with cutoffs of, for example, 80%, 50%, 20%,
and 0% rejection to NaCl and 95+% for 1000 MW dextran. Th proposed uses
were in water softening, fractionation of pharmaceutical fermentation liquors,
whey desalting with lactose retention, skim milk concentration, fractionation of
sugars, and concentration of antibiotics. One of the first applications was the

7
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treatment of drinking water sources with membranes that were relatively non-
fouling and had some chorine resistance. In Florida, they were used for water
softening as long ago as 1976 [14]. Commercial NF membranes based on CA,
alone or in blends, were subsequently put into a variety of uses for water treat-
ment, especially water softening and color removal from surface water. Although
asymmetric CA had certain desirable characteristics, such as low fouling for some
water sources, relative ease of cleaning, and chorine resistance, the limitations of
this membrane material were quickly revealed when improved water treatment
economics and other commercial applications were sought.

1.3.2 Deficiencies in Cellulosic Membranes

Th limitations of cellulosic membranes were primarily their poor biological and
chemical stability (e.g. hydrolysis of the acetate groups), resulting in continual
changes in rejection and flux loss because of compaction. In addition, although
it was possible to cast a membrane with any given rejection within the NF range,
initial fluxes were often not sufficiently high for many applications. It was quickly
realized that while NF had the potential for application in a large number of
processes, especially in the chemical industry, fulfilling this potential would, how-
ever, require membranes other than CA or polyelectrolyte complexes. To realize
the full market potential of NF, the development catch phrase of the second half
of the 1970s became stable noncellulosic membranes (produced at least in part
by the powerful tool of asymmetric casting). From 1975, membranes with the
following characteristics were sought:

e Improved solvent, oxidant, pH, biological, and mechanical stability.

o Selectivities and fluxes that would facilitate economically favorable replace-
ment of two or more processes with a single process, e.g. the simultaneous
concentration and purification of product streams.

e Very high retention to organic solutes (e.g. 99+%), low rejections of inorganic
salts, and high water flux.

e For water softening and purification, higher rejections of divalent salts and
organic solutes, monovalent salt passage, high fluxes with good compaction
resistance, and chlorine resistance.

1.3.3 Polyelectrolyte Complexes

During the heyday of CA membrane development, Amicon Co. offered, in the
1960s, NEF-type anisotropic membranes of polyelectrolyte complexes made
by electrostatic interaction between strongly acidic and basic polyanions and
polycations, respectively [15]. Invented by Michaels, membranes covering the
whole range between RO and UF could be made by this approach. A series of
membranes with MW COs of 1000, 500, and 380 (sucrose) were commercialized
for use in the concentration and demineralization of proteins and organic
solutes. Th se membranes never achieved the same widespread application
as asymmetric CA NF membranes, possibly because of their relatively low
mechanical strength, flux loss because of compaction, and variable separation
characteristics in high ionic strength solutions [7].
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1.3.4 Polyamide Membranes

Starting in the 1960s, DuPont and Monsanto began using their extensive fiber
technology to develop asymmetric hollow fibers of aromatic polyamides for RO
seawater desalination [11, 16]. These polyamide membranes could also be made
in the NF range by adjustment of the properties of the casting solution [17].
Although relatively hydrophobic, polyamide membranes gave good rejection,
but they could not achieve the fluxes needed for many applications, and their
chlorine resistance was poor. When more hydrophilic polyamides were used,
higher flux was achieved, but it declined steadily under pressure because of
compaction. In addition, the selectivities of the more hydrophilic polyamides
were often too low. Th introduction of ionic groups into the polymeric struc-
tures, for making membranes from aromatic polyamides (which originally
gave good selectivity but low flux), improved the permeability but lowered the
rejection. In general, casting of asymmetric membranes from polyamides could
not be optimized to compete with existing separation processes or with the new
technology of composite membranes.

1.3.5 Polysulfones and Other Polymer Membranes

Many other polymeric materials were investigated to make asymmetric RO and
NF with improved chemical stability. Ths effort was guided by the electron
micrograph studies of Riley et al. [5, 6] on the ultrastructure of anisotropic
membranes and by the extensive work carried out on the phase inversion
process by Kesting et al. It was shown that almost any polymer that forms
a homogeneous solution in a solvent and a homogeneous precipitate could
form asymmetric skin structures [4, 18—21]. Asymmetric membranes could be
made from polycarbonates, chlorinated PVC, polyamides, polysulfone, PES,
polyphenylene oxide, PVDF, polyacrylonitrile (PAN), copolymers of PAN/PVC,
polyacetals, polyacrylates, polyelectrolyte complexes, and cross-linked polyvinyl
alcohol (PVA). To a certain extent, the performance of the above-mentioned
polymers as membrane-forming materials could be correlated with their
hydrophobic/hydrophilic balance. Based on this classification, it was rapidly
discovered that for asymmetric NF membranes, many hydrophobic polymers
had too low flux or lacked selectivity, while hydrophilic polymers lost flux
because of compaction. Achieving the optimum degree of cross-linking to
prevent the swelling of hydrophilic polymers was also difficult.

Open asymmetric NF membranes with a MWCO of 1000 could, however,
be made with some hydrophobic polymers such as polysulfone and PES; these
membranes demonstrated good chemical and mechanical stability and reason-
able flux [22]. They could not, however, be cast into selective NF membranes
with lower MWCOs, such as for sucrose, without losing flux. Increasing the
hydrophilicity of polyarylether sulfones by sulfonation [23] to improve flux did
not work because to achieve the desired flux, the degree of sulfonation had to
be increased to the point that reduced rejection. Carboxylation of polysulfone
was tried by Guiver et al. [24] as a substitute for sulfonation to give high flux and
selectivity with limited swelling. Model et al. [25] used the hydrophilic polymer
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polybenzimidazole, which could be cast into NF asymmetric membranes with
a range of MWCO as a function of casting solution and coagulation bath
formulations. In a similar approach, Bayer developed from sulfonated poly-
benzoxazindione membranes with an MWCO of 300. Th se membranes were,
however, not developed commercially for NF, possibly because of the high cost
of polymeric materials and/or because membranes with sufficiently high flux
could not be made due to compaction.

1.4 Early Studies of Charged Reverse Osmosis
(Hyperfiltration) Membranes

1.4.1 Dynamic Membranes

An inexpensive route to producing membranes rejecting salt by Donnan
exclusion was envisioned by Kraus and his group working at the Oak Ridge
National Laboratory [26]. By depositing polyelectrolytes on a robust support,
a charged membrane could be formed. If the membrane became damaged or
clogged, it could be removed or regenerated, hence the term dynamic membrane.
Salt rejections of 25—85% could be achieved by circulating low concentrations
of polymeric electrolytes, such as vinylbenzyl trimethylammonium chloride or
polystyrene sulfonic acid, and depositing the polymers on a porous support [26].
As a transport barrier, this type of membrane was classified as NF in terms of its
specific water permeability and MWCO [27]. Dynamic membranes were used
to recover dyes and sizing materials in the textile industry [28].

1.4.2 Polyelectrolyte Membranes

Salt exclusion by membranes carrying fixed charges and the general properties of
such polyelectrolyte membranes have been well known to physiologists for many
decades; such membranes have been discussed by Meyer and Sievers [29] in the
1930s and by Teorell [30] in 1953. Th salt rejection expected in hyperfiltration
through collodion membranes, chemically modified for carrying a fixed charge,
was later calculated from the Teorell-Meyer—Siever model by Hoffer and Kedem
[31, 32]. The expected dependence of rejection on fixed charge density, salt con-
centration, and valency of the ions was subsequently confirmed experimentally
[33, 34]. It was thought that separation between ions of different salt valencies
might be a useful concept for water treatment, but this idea was not carried out in
practice for a long time. Instead, the development of charged porous membranes
resulted in an early industrial application for NF [35].

1.5 Early Models of NF Selectivity

Models to interpret NF selectivity performance were proposed and analyzed
from the very beginnings of NF applications covering processes where the rejec-
tion was dependent on charge/noncharged, molecular size, and concentration.
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Th models covered a range of selective processes for membranes with an
MWCO of 150-1000 (in effect between RO and UF). Membrane selectivities
have been interpreted by a number of models, each suited to a particular range.
Some of the models were originally developed for RO, but in reality, they were
more applicable and easily adapted to NF.

Water flow with retention of various solutes has been studied by generations of
physiologists because it is a vital function in living organisms. Developed in the
early 1950s, models for exclusion by size, such as that elaborated by the group
of Renkin [36, 37], may be used for analysis of transport phenomena in syn-
thetic membranes, including those in the upper limit of the NF range. In this
type of model, an effective membrane area is defined, depending on the ratio
between the molecular radius of the permeant and the pore radius. Th size of
the solutes limits both the probability of entrance into the pore — even if the pore
radius is larger than the molecular radius — and the rate of movement through
the pore.

Selective ion transport is another physiological function that is also an
important NF characteristic. As already mentioned, Meyer and Sievers [29]
and Teorell [30] sought to understand this phenomenon through their fixed
charge model. It is clear today that this was a gross oversimplification for
biomembranes, but in NF technology, salt exclusion from the membrane as
a consequence of fixed charges, the well-known Donnan exclusion, is a basic
mechanism of selectivity. The quantitatively predictable features of Donnan
exclusion enabled the preparation of charged-ion-rejecting membranes in
the early 1970s [34]. It was possible to relate the rejection of ions of different
valencies to the known thermodynamic properties of polyelectrolyte solutions,
assuming a homogeneous distribution of ions in the pore volume [32]. This
assumption is justified for narrow pores having a pore radius smaller than the
thickness of the diffuse double layer.

Aslong ago as 1965, Dresner [38] calculated nonhomogeneous ion distribution
in wider charged pores. In 1973, Simons and Kedem [39] performed a detailed
calculation of rejection in an assembly of rectangular slits in an ion exchange
matrix, taking into consideration both the velocity profile and the ion distribution
in the pore. Rejection of ions from a mixed electrolyte feed, which was different
from the rejection of each salt separately — now a major application of NF — was
predicted by Dresner [40].

A major source of basic ideas in membrane development was classic colloid
and interfacial science. Th surface tension of salt solutions is higher than that of
pure water, and thus, the Gibbs equation relating the interfacial concentration to
surface tension predicts a salt-poor region at the air/water interface [41]. With
the aim of carrying out surface skimming, the UCLA group on seawater desali-
nation initiated their research effort with the exploitation of this phenomenon
in mind. In the 1977 book edited by Sourirajan [12], the performance of the L-S
CA membrane and its interpretation are discussed in detail. The well-known
preferential sorption capillary flow mechanism is described by Sourirajan in the
first chapter (referring to his work of the 1960s): in this work-up, the surface
membrane is microporous and heterogeneous; “pore” or “capillary” refers to
any connecting void space, regardless of its origin or size; preferential sorption,
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positive or negative, takes place at the pore wall/fluid interface and the desalted
layer is continually removed under pressure.

Th Sourirajan concept was subsequently modified by Glueckauf [42], working
together with Russel and coworker [43]. In a model calculation presented at the
First International Symposium on Water Desalination in 1965, Glueckauf [42]
showed that salt exclusion from the interface with a medium having a low dielec-
tric constant is more pronounced in a narrow cylindrical pore than near a flat
surface. The e must then be an optimal pore size that is small enough to lead to
dielectric exclusion of ions but large enough to allow water flow. His estimate of
the optimal pore diameter was less than 6 A. Water would enter such a narrow
space only if the matrix was sufficiently hydrophilic. Glueckauf thus concluded
that the special combination of properties of CA that makes it suitable for hyper-
filtration is a low dielectric constant and sufficient hydrophilicity. Salt rejection
by dielectric exclusion was further elaborated by Bean [44], and his overestimate
of rejection was probably because of his neglecting of the screening by the salt
itself.

Yet another approach was taken by Kraus et al. [45] who considered the mem-
brane as a continuous organic phase that dissolves water but does not dissolve
salt. To back up this idea, they measured salt and water distribution with sol-
vents closely related to CA used to make L—S anisotropic RO membranes. In their
paper of 1964, when the existence of a thin dense selective layer was “almost cer-
tain,” they concluded from their data and theory that “the effective thickness of
such a membrane is presumably of the order of 0.1 pm.”

Th models described above are basically related to one another far more
closely than is apparent from their formal presentation. The phenomena of
salt-free layers close to the polymer and of low solubility of salt in the membrane
phase are both related to a low dielectric constant of the polymer. Th distinction
between the pore model and the solution/diffusion model becomes blurred if
pores are of molecular dimensions [46, 47].

None of these models explain the unexpected specificity of seawater RO salt
rejection. After all the intense efforts of polymer chemists, only very few poly-
mers show the high salt rejection needed. NF membranes can, however, be pre-
pared from a variety of materials. The nonspecific pore models developed for
RO do, in fact, work for NF, and similarly, the Spiegler/Kedem flux equations
developed for RO are applicable to NF [48]. Moreover, just as NF is a process
lying between UF and RO, models from both these areas and their combinations
can be used to represent NF performance. Early NF membranes used to sep-
arate salts from dyes were based on a combination of size exclusion and fixed
charge exclusion (unlike the salts, the large charged dye ions cannot be drawn
into the center of the pores). In thin layer polyamide NF membranes with par-
tial salt rejection, dielectric exclusion is probably the major factor enabling sep-
aration. More porous NF relies on Donnan exclusion. The currently accepted
theory for ion transport in NF membranes seeks to combine the effects of the
dielectric constant of the medium and of fixed charges as a function of pore size
(see Chapters 4—6 for a more extensive description of NF selectivity models and
mechanisms).
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1.6 Negative Salt Rejection

1.6.1 Solutions of One Electrolyte

As mentioned above, the salt rejection of charged membranes can be described
by the model (TMS) based on Donnan exclusion. It was, however, realized that
salt rejection depends not only on salt distribution but also on the ratios between
the mobilities of the ions. For the extreme case of some acid filtered through
positively charged membranes, negative rejection, i.e. enrichment in the product
solution, was predicted and obtained experimentally [33]. Negative salt rejection
is closely related to the so-called anomalous osmosis, leading to volume flow from
the concentrate into the dilute solution in the absence of a pressure gradient. This
was observed by the pioneers of membrane science, Sollner and coworker [49]
and Schloegl [50].

Negative rejection of a single salt-comprising cations and anions of similar
mobilities is obtained in “mosaic” membranes containing small regions of anion
and cation elements. It was considered for some time that this effect could serve
for desalting [51]. The considerable efforts devoted to these systems have been
reviewed by Leitz [52].

1.6.2 Separation by Negative Salt Rejection

Th salt exclusion originally described by Donnan is obtained when a membrane
separates a solution containing charged macromolecules and salt from a solution
of salt only. At equilibrium, the salt concentration in the mixed “inside” solution
is smaller than that in the outside. When the solutions are separate by an ultra-
filtration membrane and pressure is applied, salt will be enriched in the product.
Such negative salt rejection was predicted and observed by Lonsdale et al. [53] in
the hyperfiltration of citrate and chloride and by Akred et al. [54] in the ultrafil-
tration of gelatin solutions containing calcium or sodium salts. The principle of
negative rejection is illustrated in Figure 1.2.

Th technically important negative salt rejection from mixtures containing
charged molecules of medium molecular weight (200—1000 Da) can be achieved
with nanofiltration membranes of suitable cutoff. This is feasible in principle
with any type of NF membrane — charged or neutral.

1.7 Early Development of Industrial NF: lonic
Modification of Asymmetric Cellulose Acetate

By about 1972, ecological issues were beginning to become a cause for concern
to industry, especially industrial entities in Europe that found themselves in
heavily populated areas. In activities such as dye production, large quantities
of salty dyed polluted water were being discharged into waterbeds and rivers.
One solution to this problem was to apply the new membrane technology that
was becoming successful in RO applications such as water desalination and in
UF applications such as protein separations. However, many industrial waste
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Rg = NaCl salt rejection, ¢ = reflection coefficient, C’, = concentration of multivalent ion,
v = number of charged groups, C’g = salt concentration

Figure 1.2 Principle of negative salt rejection in the presence of highly rejected ions [55].

streams presented special problems for the new membrane technology: In RO,
the salt concentrations were so high that any concentration effort was doomed
by uneconomically low flux because of the osmotic forces of the rejected salt. UF
was not efficient, as both the dye and the salt permeated through the membrane.

One of the efforts to overcome these difficulties led to the founding of a small
company — known as RPR — in the early 1970s by Bloch and Kedem, which used
open NF asymmetric cellulosic membranes modified with reactive dyes. This
approach to membrane modification was an early example of how existing mem-
branes could be chemically modified to achieve valuable separation characteris-
tics. The modification in this case formed charged groups on the pore walls and
at the same time stabilized the membrane structure by cross-linking. With these
modified membranes, 99% dye rejection was achieved.

It was found that these membranes could be advantageously applied not only to
wastewater treatment but also to dye production because of the then-amazingly
effective purification effect by negative salt rejection. Ths was explained to be
a consequence of Donnan equilibrium, as described in Section 1.6. The salt
passed through the membrane easily and was, in practice, equilibrated between
the feed and permeate. Th feed contained the large impermeable dye anions,
small sodium counterions, and a high concentration of salt, while the permeate
contained only small ions, which had been pushed into the permeate by the
highly rejected dye counterions.

Thus, in the late 1970s, a single-unit operation could be used for both con-
centration and purification. The first tubular pilot units based on modified
cellulosic membranes very rapidly became the core of production machines that
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concentrated and desalted simultaneously, thus saving vast quantities of the salt
need to precipitate the dye and solving the original development problem of
reducing salty/dyed discharge. The membranes were used on an industrial scale
by dye manufacturers to desalt and concentrate dye solutions. In one process,
both a production and an ecology problem had been solved!

A formal description of this Donnan effect in dye solutions was published
only much later (1989) after it had long been understood and put into practice
[55]. The incorporation of a Donnan distribution term into the flux equations of
Spiegler and Kedem [48] defined earlier could explain the strong negative salt
rejection found in dye processing (shown schematically in Figure 1.2) and its
concentration dependence. Negative salt rejection because of the Donnan effect
may be observed for any type of NF membrane, whether charged or uncharged.

Cellulosic membranes were, however, not chemically stable and suffered from
flux decline after short periods. As experience was gained, it was realized that
there were still some significant drawbacks associated with the modified CA
membranes: they allowed relatively large quantities of dye to pass through them,
which constituted an economic loss, and membrane lifetime was not sufficiently
long. It was also realized that tighter membranes, which could operate at higher
and lower pH values, would have many other uses. Starting in late 1970s, tighter
noncellulosic membranes were developed in RPR’s manufacturing company,
Membrane Products Kiryat Weizmann (MPW).

1.8 Early NF Composites

1.8.1 General

By 1975, it became apparent that asymmetric NF membranes from a single
polymer or polymer mixtures could not give the characteristics of selectivity
and flux needed to compete with standard technologies in many applications.
Attempts to make asymmetric NF membranes by casting polymers with the
hydrophilic/hydrophobic balance of CA did not produce membranes with
sufficient flux or rejection if they were too hydrophobic or with flux stability if
they were too hydrophilic.

Workers such as Rozelle, Cadotte, and Riley and their colleagues had resolved
a similar dilemma for RO in the early 1970s with the development of composite
membranes [56, 57]. They produced high-salt-rejecting membranes by placing
a very thin selective layer over one surface of a finely porous asymmetric UF
membrane. Such a composite membrane was produced either by coating the
UF membrane with a thin CA film or by carrying out interfacial cross-linking
of polyamines (for example, polyethyleneimine [PEI]) with isophthaloyl chloride
(IPC), toluene diisocyanate (TDI), or other aromatic cross-linkers. Th latter
approach appeared to be the key breakthrough. Th se composite membranes
exhibited important advantages over integrally skinned asymmetric membranes
in that the selective barrier film and the support could be optimized indepen-
dently. With this process, a variety of chemical combinations and methods could
be used to form thin barrier coatings, including the use of linear and cross-linked
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polymers, whereas asymmetric membrane formation was limited to processable
stiff linear polymers. In Cadotte’s patent of 1977 [58] and NTIS report 1968 of
Rozelle et al. [59] on composite membranes, comparison examples were given
of other composites made by different cross-linking reagents, which showed sig-
nificantly lower salt rejections compared to the claimed RO membranes. Th se
more open membranes were, however, what we would now term composite NF.

In general, it may be said that the composite approach is applied to form a selec-
tive layer that is both thin and sufficiently hydrophilic to give high water flux but
at the same time cross-linked to the extent required for NF selectivity. In addition
to the original method of interfacial cross-linking of polymers for forming com-
posites, other methods have included interfacial polymerization (Section 1.9),
plasma polymerization (Section 1.8.2), polymer coating and curing, and surface
modification (see Section 1.8.3).

Th first composites — RO composites — were based on cellulose nitrate UF
supports, but they suffered from the same lack of biological, chemical, and
mechanical stability that had limited CA in RO and UF applications. Very
early in the 1970s, polysulfone was recognized as the material of choice for
UF porous supports because such membranes combined high surface porosity
with minimal pore diameter and high chemical and mechanical stability. They
could be readily cast and optimized (high degree of porosity and controlled pore
size distribution) to give the asymmetric structures for commercially valuable
RO or NF composites [56, 57]. A number of other polymeric materials were
also investigated [58], such as polycarbonate, chlorinated PVC [56], polyamide,
PVDE, PAN and styrene/acrylonitrile copolymers, polyacetals, and polyacrylates.
From these investigations, it was found that polymer molecules making stable
compaction-resistant supports are inherently stiff chains capable of hydrogen
bonding or polar and hydrophobic bonding, giving networks with low chain
mobility. UF membranes based on chemically stable aromatic engineering plas-
tics, such as polysulfone or PES, have currently become the standard supports
for composite RO and NF membranes. Different UF membrane morphologies
could be used for making composites; however, a typical asymmetric polysulfone
is shown in Figure 1.3. The membrane comprises an integral “tight” skin layer
of about 0.1-0.7 pm, a larger pore intermediate sponge layer of 1-5pm, and a
80-100 plus pm thick, open support layer with large finger-like pores. Other UF
supports have a sponge-like structure instead of fingers in the porous layer.

Figure 1.3 Scanning electron micrograph of UF
PES membrane used for making NF composites.
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If 1960 marked the beginning of the development of asymmetric membranes,
then about 1969 marked the beginning of the use of asymmetric UF membranes
for making composites. From 1969, Cadotte and Rozelle [58, 60] and then
Wrasildo, Riley, and coworkers [61, 62] showed that high-rejection RO compos-
ites could be made by interfacial cross-linking of coated hydrophilic polymers
such as PEI or polyepiamine with IPC or TDI on polysulfone or chlorinated
PVC UF membranes. As a spin-off of this development on single-pass water
desalination membranes, Cadotte and others also described open RO or NF
membranes. For example, in 1972, open RO (NF) composite membranes were
made from the interfacial reaction of low molecular weight polyamines and
teraphthaloyl chloride (Figure 1.4) [60]. Similar membranes were also made
from mixtures of PEI with different cross-linkers, as described in a 1977 patent
(Figure 1.5) [58]. These membranes were not, however, commercially viable and
were superseded by the piperazineamide composites described below.
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Figure 1.4 Flux (gallons/ft? d) vs. salt rejection (%) for early open RO membranes (NF)
prepared by interfacial polymerization of teraphthaloyl chloride with different polyamines
(NTIS report No. PB-229337, November 1972) [60].
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Figure 1.5 Flux (gallons/ft>-d) vs rejection (%NaCl) for different interfacial membranes from
US Patent 4, 039, 440 (1977) [58].
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1.8.2 Plasma Polymerization

Another approach to the preparation of composites, which first appeared in the
1960s, was plasma polymerization of coated films on a microporous support.
In his 1977 review of the subject, Yasuda [63] reported the use of plasma poly-
merization of different monomers (e.g. 4-vinylpyridine, N-vinyl pyrrolidinone,
pyridine 1-methyl-2-pyrrolidinone, thiophene, and thiazole) on polysulfone sup-
ports to produce very thin selective membranes. Although the main goal was
the production of RO membranes, NF membranes produced from a variety of
monomers were also prepared.

Plasma processes were also used to modify the surfaces of UF membranes to
bring them into the NF range. For example, Sano [64] used plasma polymer-
ization with He and H, on UF PAN to produce commercial RO membranes by
sealing and hydrophilizing the membrane surface. This method can be adapted
to give NF membranes; for example, Lai and Chao [65] modified Nylon 4 microp-
orous membranes with gas plasma to produce membranes with 74% rejection to
NaCl. Polyarylsulfone UF membranes were also plasma-treated by Sano and his
coworkers to give 96.3% rejection, where the original membrane had exhibited
0% rejection. Such membranes could also be expected to give NF under different
preparation conditions.

1.8.3 Graft Polymerization

Graft polymerization of nonionic or ionic vinyl monomers by a variety of meth-
ods, i.e. with ionizing radiation such as gamma rays from ¢°Co, by photochemical
means, or by chemical initiation on asymmetric membranes has been carried out
in an effort to improve RO performance. In the 1960s and 1970s, Stannett et al.
[66] grafted styrene on CA membranes. Although the results were not encour-
aging for RO, they did give, in some cases, membranes with NF properties. The
fluxes were, however, too low for the membranes to be of commercial value. In
another study, Kesting and Stannett [67] showed that the attachment of acrylic
monomers could be used to increase the starting membrane permeability to salt
and possibly to bring RO membranes into the NF range. In yet another study,
double grafting of PVC films with 2-vinylpyridine and acrylic acid gave mem-
branes with a high flux per unit thickness with NF salt rejections of 65% [68].
However, the absolute flux in the dense films was low, and only by casting asym-
metric membranes could this approach be of practical value.

1.9 NF Composites of the 1980s

1.9.1 Piperazineamide Membranes

Commercial NF composites were not generally available until the second half of
the 1980s, even though their development began in the late 1970s [28]. One of
the first successful approaches was based on the interfacial polymerization of an
aqueous piperazine film on a polysulfone UF support by hydrophobic aromatic
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Figure 1.6 Flux (I/m? d) vs TMC/IPC ratio of piperazineamide interfacial membranes with
99 + % rejection to MgSO, (US Patent 4, 259, 183 (1981)) [69].

cross-linkers. Many such NF products were made by a number of different
companies. Polypiperazineamide NF composites were prepared when Cadotte
et al. [69] replaced IPC with trimesoyl chloride (TMC), making NF membranes
with high MgSO, rejection (99%) and low NaCl retention (<60%) (Figure 1.6).

Starting in the 1980s, FilmTec marketed variations of these membranes with
40-50% NaCl rejections [70]. Other companies also developed and commercial-
ized NF composite membranes based on the interfacial polymerization of piper-
azine and its derivatives on UF PES and polysulfone supports. Examples of these
membranes are (i) PCI’s polypiperazineamide membranes in tubular form [71]
having 30-70% NaCl passage and a MWCO to organics of 350 and (ii) Toray also
commercialized NF polypiperazineamide-based barrier layer membranes [72].
Th se membranes found application in the desalting of whey, water softening,
removal of organics from surface waters, removal of sulfate from seawater, recy-
cling of waste dye streams, recycling of melamine-based anionic electrophoretic
paints for aluminum surface finishing, removal of color from bleach effluents,
wood pulping, and removal of radium from well waters [73].

An important commercial variation of polypiperazineamide membranes is the
inclusion of a polymer that simultaneously undergoes interfacial cross-linking
during the interfacial polymerization of piperazine. Because the polymer cannot
readily diffuse into the interfacial layer, the piperazine monomer accumulates on
the surface to form a thin polypiperazineamide layer on the cross-linked polymer,
which is supported by the UF membrane. For example, Nitto Denko NTR 7199
is a polyamide [74] formed by the interfacial reaction of TMC with an aqueous
solution containing both piperazine and PVA with subsequent curing at 110 °C.
Thei process produces a selective bilayer consisting of cross-linked PVA covered
with a surface layer of polypiperazineamide, which is supported by an asymmet-
ric UF membrane. In this membrane, chlorine stability is supposedly improved
because of the presence of PVA.
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In another type of commercial product, a thin coating of one polymer is first
placed on a UF support, followed by interfacial polymerization of piperazine. It
is thought that Desalination Engineers’ Desal 5 membranes (now Osmonics Cor-
poration) comprise a polysulfone UF support coated with a layer of sulfonated
polysulfone upon which is an ultrathin layer of polypiperazineamide [75]. This
type of membrane can be made to give glucose rejections of 82—-98% and a sucrose
rejection of 99%. Although the Desal 5 membrane is negatively charged, its char-
acteristics are different from those of other negatively charged sulfonated poly-
sulfone membranes and are more similar to those of piperazine composites of
FilmTec (e.g. NF40).

1.9.2 Other NF Interfacially Produced Composites

Commercial NF membranes have also been prepared via interfacial polymeriza-
tion with monomers other than piperazine. In 1985, FilmTec introduced fully
aromatic cross-linked polyamide NF membranes, NF70 (70% rejection to NaCl),
with an MWCO of 400 [75]. These membranes are typical of NF membranes
used in drinking water purification and softening. McCray et al. [75-77], at Bend
Research, developed chlorine-resistant membranes, with 20% and 60% salt rejec-
tion, respectively; these membranes were made by the interfacial polymerization
of tetrakis-(N-methyl-amino-methyl) methane with IPC and TMC, respectively.

Multilayered NF membranes have been prepared by Linder et al. by the interfa-
cial polymerization/cross-linking of PEI and diaminobenzene sulfonic acid with
TMC [78]. In this interfacial reaction, the monomeric amine diffuses through a
PEI layer that has previously undergone thermal cross-linking, reacts with TMC,
and deposits a layer of diaminobenzene sulfonic acid polymer on the cross-linked
PEI According to the patent literature, these membranes have 954% rejection to
glucose and sucrose, low NaCl rejection, and sodium sulfate rejections of 90+%.

1.9.3 Modification of RO Membrane Composites to Bring Them into
the NF Range

In the 1980s and early 1990s, patents were taken out on processes to produce
NF membranes by modification treatment of RO polyamide composites with
various reagents, such as acids, bases, and oxidants, with the aim of lowering
rejection and increasing fluxes. For example, Strantz and Brehm [79] described
a process for treating polyamide RO membranes to make NF membranes with
acidic solutions of permanganate salts to open the selective barrier, followed by
sodium bisulfite or hydrogen peroxide treatment to chemically stabilize the new
membrane. In another example, Cadotte and Walker [80] used hot phosphoric
acid/sulfuric acid mixtures to open up a polyamide composite to decrease salt
rejection and increase flux. Th resultant open membrane was further modified
to increase MgSO, rejection to 90+%. Th se rejection-enhancing agents may be
colloids such as tannic acid or water-dispersible polymers.
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1.10 Composites Produced by Noninterfacial
Cross-linking

In the latter half of the 1970s, work started on developing composites by non-
interfacial cross-linking methods. This resulted in the production of a class of
commercial NF membranes formed by coating and curing thin selective films on
asymmetric UF supports. There are two possible methods of preparation:

1. Coating of a polymer solution on a UF support, followed by a curing step to
activate cross-linking via self-condensation or by a latent cross-linker in the
coating solution;

2. Coating the UF support with a polymer solution, washing and/or draining the
support, and then immersing it in another bath containing cross-linker(s) that
diffuse into the wet film, followed by a curing step.

The curing steps may comprise a temperature increase, a change of pH, or
ionizing radiation. Commonly used coating polymers are PVA, PEI, polyal-
lylamines, and sulfonated engineering plastics such as polysulfone, PES, and
polyetheretherketone.

1.10.1 Polyvinyl Alcohol Composites

Because of its hydrophilicity, water solubility, and ready availability in different
molecular weights, PVA has always been an attractive candidate for making
composites. It has generally been found that NF PVA composites made by
thermal cross-linking exhibit low flux and tend to compact under high pressure.
Ths is due to chain flexibility and hydrogen bonding, resulting in tight packing
and crystallization before cross-linking, and a nonuniform distribution of
cross-links, all of which give a film that compacts under pressure [81]. To make
membranes with sufficiently high flux, tight packing and crystallization should be
avoided.

NF composites have been made by coating a mixture of PVA with a reactive
dye on microporous supports (such as microporous polypropylene), followed by
cross-linking by immersion of the membrane in hot sodium sulfate, according
to the 1980 patent of Linder et al. [82]. These membranes have basic pH stability
to pH12 at 60°C and give typical rejections and fluxes of 98% to ionic dyes
with an MWCO of 700+ at 20-30 bars. They can be used in various industrial
applications, such as the desalting of dye solutions. Cadotte [83] developed PVA
membranes from thin PVA films cross-linked on a porous support by acetylation
with a dialdehyde catalyzed by phosphoric acid at 110°C. Phosphoric acid
was used both as a cross-linking catalyst and a pore former. Th membrane
(XP20) had 20% rejection to NaCl, 85% to MgSO,, 99% to ETDA, and pH
stability up to pH 13. Th s membrane found use in the concentration of copper
EDTA, for which it had 99% rejection, in an alkaline electroless plating bath.
Other NF composites have been developed on the basis of films made with
PVA and different cross-linkers such as hexahydroxycyclohexane [84] and
divinylsulfone [85].

21



22

1 History of Nanofiltration Membranes from 1960 to 1990

1.10.2 Sulfonated Engineering Plastics as Selective Barriers

Asymmetric membranes cast from solutions of sulfonated polysulfones or other
engineering polymers were not successful because the degree of sulfonation
needed for sufficient flux resulted in low rejection and in compaction under
pressure and hence in flux loss. Sulfonated aromatic polymers were, however,
used to make commercial composites by coating the polymer on a UF support,
generally followed by a curing and cross-linking step.

In the second half of the 1980s, Nitto Denko commercialized NF composite
membranes based on sulfonated polysulfone membranes. This series of mem-
branes, designated NTR-7400, exhibits high flux and low salt rejection with excel-
lent chlorine resistance [86, 87]. Their performance depends on the degree of
sulfonation; for example, a membrane with a 3000-A thick film (Figure 1.7) having
a capacity of 1.92 meq./g gave 35—50% rejection to NaCl and 35% to sucrose, with
lower capacity films giving higher rejections and lower fluxes. A phenomenon
observed with loose-charged membranes of this type was the production of a
permeate enriched in a particular anion relative to the feed [88], giving a negative
rejection of an ion with mixed salt solutions.

1.10.3 Polyethyleneimine

NF membranes based on a cross-linked coating of PEI on UF polysulfone were
described as part of the original work of Cadotte in the early 1970s [58], but these
membranes were never commercialized. Linder, Nemas, and their coworkers,
citing the use of hydrophilic polymers such as PEI, also extensively patented NF
membranes, starting from 1980. Th patents describe processes of immersing
a UF membrane in a sequence of different solutions containing polymers and
cross-linkers. According to the patent literature, this process comprises the
following steps: the support is coated by immersion in a polymer solution;
drained and immersed in an aqueous suspension or solution of cross-linkers,
such as polyepoxides, reactive dyes, divinylsulfones, and polyaldehyde; drained;
and finally cured in solution or by drying. Different supports have been modified
by this procedure to give a range of NF membranes with different acid/base
stabilities. According to the patents, the UF supports may be cellulosic [89], PAN,
[90], or polysulfone [91]. These membranes have varying degrees of stability,
depending on the support and the polymer cross-linking reaction. For example,

Figure 1.7 Scanning electron
micrograph cross section of a
cross-linked sulfonated
polyethersulfone skin on a UF
polysulfone support. Source: Taken
from Figure 1 of Ikeda et al. 1986
[86] with permission from the
Elsevier.
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the CA NF is limited to pH 4.0-8.0, while membranes based on polysulfone can
be used between pH 2 and 12 at 60 °C. Depending on the degree of cross-linking,
the membranes can have rejections to glucose that vary from 20% to 95+%, and
pure salt rejection of 0-75% as a function of the selective barrier and the salt
concentration. Fluxes at 20 bars can vary from 50 to 1501/m? h as a function of
the membrane type. Other membranes having rejections to organic molecules
such as glucose of 95+% and ionic dye molecules of 99+% with salt passage have
also been patented. In mixtures of monovalent salt, and highly rejected organic
ions, large negative salt rejections were reported by Perry and Linder [55].

1.11 Chemically Stable NF Membranes

1.11.1 Chemically Stable Polymeric Asymmetric Membranes

By the early 1980s, asymmetric chemically stable NF (in effect acid-, base-, and
chlorine-resistant) could be made by casting polysulfone or polyether sulfone into
asymmetric membranes with an MWCO of 1000-2000. Th se membranes have
a pH stability of 0—14 at temperatures up to 60 or 80 °C and good chlorine stabil-
ity. In some cases, however, the nonwoven and module materials rather than the
membrane limited performance. Asymmetric membranes with lower MWCO
selectivity and good flux cannot, however, be readily made by this approach. Such
relatively open membranes cannot be used effectively for applications needing
high rejections to low molecular weight solutes such as sucrose. Experience in
different industrial applications has shown that these membranes compacted and
fouled easily, with loss of flux. To overcome fouling and to increase flux, the sur-
faces of these asymmetric membranes were hydrophilized by various methods
[92, 93]. One procedure was to cast the membrane with a compatible hydrophilic
polymer, such as polyvinylpyrrolidone, which was subsequently cross-linked by
heating.

1.11.2 Oxidant and pH-Stable Composite Membranes

In the early development of noncellulosic NF membranes with hydrolytic
stability, good selectivity, and high flux, polyamide and polyurea composites
were made. The stability of these membranes to chlorine was, however, found
to be lower than that of CA membranes. The chlorine tolerance of the Desal 5
membrane is about 1000 ppm-h, while other polypiperazineamide membranes
can typically operate at constant chlorine exposure levels of 0.1< ppm. Dechlo-
rination is, however, generally recommended for most polypiperazineamide and
polyaromatic amide membranes. In comparison, PVA and CA NF membranes
can operate continuously at 0.5 ppm of chlorine (up to a maximum of 1.0 ppm).
High chlorine stability can be achieved in sulfonated polysulfone composites;
for example, the NTR-7400 series, having high flux and low salt rejection (50%),
are stable in 10000 ppm chlorine for at least 30days. These oxidant-stable
membranes are, however, open NF membranes, and as such cannot be used
for many of the applications requiring better selectivity. NF membranes with
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a combination of high flux, selectivity to low molecular weight solutes, and
chlorine resistance are still to be developed.

One of the first goals of membrane development in the 1970s was improve-
ment of the pH stability of CA membranes, which were limited to a pH range of
4-8. Polyamide and polyurea composite membranes offered by many companies
such as Desalination Engineers (now Osmonics) (Desal 5) and Dow FilmTec
(NF40, 45, 50, and 70) can be operated continuously at room temperature at
pH values between 1 and 11, but under more acidic or basic conditions or at
high temperatures, they lose rejection ability. Asymmetric membranes cast
from sulfonated polybenzoxazindione with an MWCO of 300 stable from pH 2
to 12 were developed by Bayer but were never commercialized [94]. The Nitto
membrane of sulfonated polyether sulfone on a polysulfone support (NTR-7400
series) showed stability in the pH range of 0.5 —13 in immersion tests at 80 °C
[86]. This class of membranes has a high MW CO, with sucrose rejections of 50%
in the tightest membrane.

The e are many potential applications for NF at the pH extremes of 0—14 and at
elevated temperatures that require selectivities to low molecular weight solutes,
such as glucose, sucrose, aluminates, and sodium carbonate, while freely pass-
ing acids and bases. For example, aqueous acid and base streams are used on a
large scale as reaction media, as catalysts in fine chemicals, in the mining, petro-
chemical, and pharmaceutical industries and for daily cleaning in the dairy, food,
beverage, and pharmaceutical industries. The ability to carry out selective sepa-
rations of acids, bases and solvents from low molecular weight organics (150+)
and salts (e.g. carbonates) present in production and waste stream would enable
these recycling chemicals, the concentration and purification of products, and
the recovery of valuable materials from waste streams.

During the 1980s, a series of patents by Linder et al. [91, 95, 96] described
acid/base-stable NF membranes with good selectivity based on the chemical
modification of polysulfone. It is claimed in these patents that the membranes
are stable in the pH range from 2 to 12 at temperatures up to 80 °C and that
the membranes can be made with an MWCO of 200 with fluxes from 50 to
1501/m? h at 20 bars. According to the patent literature, the modification was
carried by a sequence of immersion steps, which, for example, resulted in a
cross-linked selective layer of PEI on a polysulfone or PES UF support. In 1989,
Perry and Linder described NF membranes with 954+% rejection to sucrose
and stability at pH0.5-12 [55], and in 1991, Perry and Linder described NF
membranes with an MWCO of 200 and pH stability from 0 to 14 at 80 °C [97, 98].

1.11.3 Solvent-Stable NF Composites

Th use of solvents is particularly prevalent in the fine chemical, pharmaceutical,
food, and petrochemical industries as described in Chapters 12 and 20.

Th ability to carry out selective separations with solvent-containing solutions
would enable the recycling of solvents, the concentration and purification
of products, and the recovery of valuable materials. Many such applications
require the rejection of low molecular weight solutes (down to 150) and the free
passage of the solvents. The e are, however, a number of problems in developing
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solvent-stable NF membranes for solvent applications, i.e. the need to provide
(i) support stability, (ii) economically favorable fluxes by optimizing a different
membrane for each solvent class, and (iii) membrane selectivities that vary from
one solvent to another and in solvent mixtures. Th origin of the flux/selectivity
problems lies in solvent/support interactions, the solution—diffusion transport
mechanism, and the many different solvents with a wide range of hydrophobic-
ity/hydrophilicity balances, viscosities, and surface tensions. Solvent stability
can be measured as a function of the degree of swelling of a membrane in a
particular solvent. For constant performance in a particular application, the
membrane, including the support, should be essentially nonswelling in that
application’s solvent. Many claimed solvent-resistant supports are nonswelling
for one category of solvents but swell in others. A general solvent-stable UF
support is one that is nonswelling in many solvent categories.

Th potential of the new membrane technology for solvent applications was
recognized in the 1960s by Sourirajan [99] and others on a condition that both
the necessary selectivity and stability could be developed. The membranes
used in early studies were based on CA and cross-linked rubbery materials
[100]. NF membranes based on CA or polyamide composites on polysulfone
supports could be used with solvents that do not swell the support (e.g. hexane)
[101]. Most commercial NF membranes, including CA and polyamides, swell or
dissolve in many solvent classes and are therefore not considered to have general
solvent stability.

Most work on solvent separations involves pervaporation. There are, how-
ever, patents on pressure-driven processes for treating solutions of organic
solvents. For example, Black [102] prepared composite membranes formed on
solvent-stable supports (e.g. nylon, cellulose, polyester, Teflon, and polypropy-
lene) by the interfacial polymerization and cross-linking of polyamines with
polyfunctional agents. The proposed use was the separation of aromatic extrac-
tion solvents, such as 1-methyl-2-pyrrolidinone (NMP), furfural, phenols, and
ketones, from oils and aromatic hydrocarbons under RO conditions. Composites
on a microporous nylon support (0.04 um) with oil rejections of 98% and NMP
fluxes of 1031/m? d were achieved at 500 psig. It does not appear that the
membranes or the applications have been developed into commercial processes,
possibly because of the lack of long-term stability or uneconomically low fluxes.

In another approach to NF operating at 20—80 bars, Bitter et al. developed
membranes, which retained the solvents but passed the hydrocarbon oil [103].
Thei membranes were based on dense selective silicone layers (1-10 pm thick),
coated onto microporous supports (e.g. polypropylene with rectangular 0.2
by 0.02 um pores). Apparently, the oil was transported by a solution diffusion
mechanism through the silicone barrier while the more polar solvent was
rejected. These membranes were not, however, applied in actual practice. Th
thickness of the selective layer and support size are quite different from the thin
selective barriers placed on UF supports for most NF membranes.

In the 1980s and early 1990s, MPW commercialized general solvent-stable NF
membrane composites, designated as MPT 42, MPT 50, and MPT 60, which had
MWCOs of 200, 700, and 400, respectively, and were stable to pH values of 2—10
and nonswelling in a broad range of solvents [97]. The patent literature cites
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Table 1.3 SelRO™ acid/base/solvent-resistant membranes.

Typical % rejections

Acid/base Solvent NaCl 5% Ampicillin Murexide Remazole Lactose
Membrane stability  stability MWCO (MW 58) (MW 349) (MW 284) Blue(510) (360)

MPT-11 Yes 31 99 95 99.9 99.5

MPT 20 Yes 600 0 90 99.9 97

MPT 30 Yes 500 10 98 90 99.9 96

MPT 40 Yes 300 15 95 99.9 90
Glucose  Sucrose  Raffinose Aspartame
(MW (MW MW 504) MW 294)
186) 342)

MPT 42 Yes 150 93 98 99 99

Source: Adapted from Ref. [98].

stable NF membranes prepared by Linder et al. [104—106] based on cross-linked
PAN and polysulfone, with the composites being made by coating and curing
or interfacial polymerization. To achieve sufficient flux, the selective layer
was optimized for a particular solvent category. The patent literature shows
that hydrophobic solvents, such as hexane, were treated with solvent-stable
composites with polysiloxane layers, giving good fluxes. For polar solvents, such
as ethanol, esters, dimethyl formamide, and NMP, more hydrophilic composites
with selective layers of polyamines or polyphenyleneoxide derivatives are
required. The membranes cited in the above-described patents have MWCOs
down to 150 and solvent fluxes that vary according to the particular membrane
and solvent (Table 1.3).

A more detailed account of NF membranes in solvent applications is given in
Chapter 20.

1.11.4 Chemically Stable Inorganic NF and Polymeric/Inorganic
Hybrids

Th development of inorganic NF membranes, which are generally ceramic mate-
rials, is motivated by superior thermal and solvent stability characteristics com-
pared to organic polymers. Typically, the porous support for the selective NF layer
is composed of Al,O;, carbon, SiC, or a metal made by sintering large particles
of these materials. The substrate is then coated with a thin layer of small particles
of zirconia, alumina, or titania to form a microporous membrane. A third layer
of still finer particles or a colloidal dispersion is then applied to form a UF mem-
brane. On these UF membranes, an NF film is coated. Each stage of the ceramic
membrane composite is formed by sintering particles or by a sol—gel technique.

In the early 1990s, ceramic NF membranes were developed by two different
approaches: (i) All-inorganic membranes were made by coating a ceramic UF
membrane with nanoparticles, followed by sintering or by a sol-gel process, or
(ii) hybrid NF membranes were produced by coating the ceramic UF membrane
with organic polymers or organic—inorganic polymers.
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NF ceramic membranes can be made with high rejection to charged organic
solutes with molecular weights as low as 400. For example, Larbot et al. [107]
prepared a-alumina NF membranes having rejections to NaCl of 10% and to
sucrose of 70%. Th ceramic route to NF has not yet been able to produce NF
membranes with selective separations of noncharged solutes such as glucose and
sucrose from salt. The e are also indications of changing rejection characteris-
tics under pressure because of fusion of the nanosized particles that make up the
selective layer. In the early 1990s, NF membranes comprising a porous ceramic
support coated with a thin polymeric layer were developed. For example, Guizard
and his group [108, 109] coated a porous ceramic support with polyphosphazenes
or heteropolysiloxanes to give NF membranes with 50% rejection to sucrose and
low rejections (10%) to NaCl. Bardot et al. [110] coated other polymeric barriers,
such as sulfonated polysulfone, polybenzimidazolone-grafted PVDF, or Nafion,
on inorganic supports to make RO and NF membranes.

1.12 Conclusions

CA membranes were the first membranes to be used for NF applications. They
demonstrated the potential of selective separations within the molecular weight
range up to 1000. One of the major drawbacks of these membranes was their
lack of stability, which resulted in a rapid loss of rejection ability and/or of flux
in many industrial applications. With each successive improvement in stability,
there was a widening of the range of applications. The first improvements were
made in pH stability and then in stability to solvents and oxidants. Improvements
in selectivity and flux were made together with improvements in stability. Th

number of NF applications could be greatly widened if stability and selectivity
could be refined further. This chapter covered NF developments of the first three
decades (1960-1990). Improvements in NF performance continued in the 1990s,
until the present, and are described in subsequent chapters (Chapters 2 and 3).

In the fine chemical and pharmaceutical industries, there is still a need for
improved solvent stability with better selectivity in the molecular weight range
below 500. In the mining and sugar industries, there is a need for high-flux selec-
tive membranes with improved acid stability at values as low as pHO. In other
industries, improved flux together with better stability and selectivity would open
many new applications; in particular, base stability at concentrations of 10-50%
at temperatures up to 80 °C with 150-200 MWCO would have many applica-
tions. In the petrochemical industry, solvent separations and purifications are
extremely important but require solvent-stable membranes with selectivity prop-
erties optimized for each solvent class. Work in this area has only just begun with
ceramic and solvent-stable polymeric membranes.

Another important industrial application relates to the widespread use of sul-
furic acid as a solvent catalyst and pH adjuster. Ths results in the production
of waste streams with high concentrations of sodium sulfate. NF membranes
that could selectively pass sulfate with less than 20% rejection while retaining
low molecular weight organics, such as sucrose and glucose, would find many
applications.
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Separation between molecules with molecular weights up to 1000 is needed in
many aspects of water and industrial activity. Achieving such separations eco-
nomically is becoming important in terms of ecological and energy considera-
tions. NF membranes have made significant contributions to this activity, and as
progress is made in stability, selectivity, and flux, even more applications will be

found.

Abbreviations

CA Cellulose acetate
IPC Isophthaloyl chloride
L-S Loeb—Sourirajan

MPW  Products Kiryat Weizmann
MWCO Molecular weight cutoffs

NF

Nanofiltration

PAN  Polyacrylonitrile

PCI
PEI
PES

Patterson Candy International Ltd.
Polyethyleneimine
Polyethersulfone

PVA Polyvinyl alcohol
PVC  Polyvinyl chloride
PVDEF Polyvinylidene fluoride

RO Reverse osmosis

S&S Schleicher and Schuell
TMC  Trimesoyl chloride
UF Ultrafiltration
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Nanofiltration Membrane Materials and Preparation
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Faculty of Bioscience Engineering, Celestijnenlaan 200F, PO Box 2545, 3001 Leuven, Belgium

2.1 General Introduction

This chapter will cover the literature in which the synthesized membranes were
applied both in nanofiltration (NF) as in reverse osmosis (RO) experiments. Th
difference between aqueous NF and RO is generally made on an application base
and, more specifically, on the applied pressure (5-20 bar for NF and 10-100 bar
for RO) or the nature of the compounds to be separated (200—-1000 Da and
divalent salts for NF, <200 Da and monovalent salts for RO). However, this is
already a rather vague split; the distinction at the level of membrane synthesis
becomes extremely imprecise. Indeed, loose RO membranes used in the sep-
aration of ions and tight NF membranes used to filter organic compounds at
lower pressures can have exactly the same chemical composition and mem-
brane preparation method. Besides aqueous NF, this chapter also includes the
preparation of solvent-resistant nanofiltration (SRNF) membranes. Th cited
literature was further restricted to the synthesis of membranes that had actually
been applied already in (SR)NF or RO experiments. Th s means that other rather
tight membranes, which were not (yet) tested in NF, were not considered, even
though these membranes could possibly show an interesting NF potential.

Th main class of NF and RO membranes is thin film composite (TFC) mem-
branes. Also for SRNF applications, the TFC membrane market is growing [1]. By
far, the most important type herein are the membranes prepared via interfacial
polymerization (IP), originally presented in 1965 [2], followed by membranes pre-
pared via coating. TFC membranes consist of a thick, porous, nonselective sup-
port covered with an ultrathin barrier layer. The support is sometimes supported
itself by a woven or nonwoven fabric, most commonly a polyester or polypropy-
lene/polyethylene, to facilitate the handling of the membranes. Th multilayer
approach allows a more flexible optimization of each layer. Th support layer
should offer a maximal mechanical strength and compression resistance, com-
bined with a minimal resistance to permeation. Th top layer on the other hand
should show the desired combination of solvent flux and solute rejection.

Nanofiltration: Principles, Applications, and New Materials,
Second Edition. Edited by Andrea Iris Schéifer and Anthony G. Fane.
© 2021 WILEY-VCH GmbH. Published 2021 by WILEY-VCH GmbH.
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Integrally skinned asymmetric membranes form the second important group
of (SR)NF/RO membranes. Based on the pioneering work of Loeb and Sourirajan
in 1963 [3], they are prepared via the phase inversion process and possess a dense
surface skin on top of a porous sublayer, both having the same composition. These
membranes are prepared in one step, which makes them generally cheaper and
thus more appropriate for low-cost applications, such as water treatment. Cellu-
lose acetate (CA) membranes, for example, can only be prepared via this method.
Together with polyamides (PAs), which can be prepared via both phase inversion
and IP, CA dominates the field of commercial (mostly aqueous) NF/RO applica-
tions, even though the CA market share has been declining substantially in the
last years.

Compared with polymeric NF membranes, the use of NF membranes based
on ceramics is less widespread, even though significant progress in this field has
been made in the last years. Ceramic membranes generally show a higher chem-
ical, structural, and thermal stability. Th y do not deform under pressure, do not
swell, and can be cleaned easily. However, they tend to be more brittle and more
expensive than polymeric membranes [4, 5].

Th's chapter will cover the preparation techniques of all these different types
of membranes, starting with a concise description of the underlying fundamental
background when needed, before describing the more specific examples. When-
ever the reported membrane synthesis parameters are linked to molecular weight
cutoffs (MWCOs) and pore diameters, care should be taken in interpreting these
numbers as they might have been determined under slightly different conditions
(pressures, flow mode, solute type, etc.), with different definitions (90% or 95%
rejection) or obtained via slightly different calculation methods. More details on
the historical membrane developments are given in Chapters 1 and 25.

2.2 PhaseInversion

2.2.1 Introduction

Phase inversion is a commonly used method to prepare NF membranes [6]. It
refers to the controlled transformation of a cast polymeric solution from a liquid
into a solid state [7]. During the phase inversion process, a thermodynamically
stable polymer solution is mostly subjected to a controlled liquid-liquid demix-
ing. Th s “phase separation” of the cast polymer solution into a polymer-rich and
a polymer-lean phase can be induced by immersion in a nonsolvent bath (“im-
mersion precipitation”), by evaporating the volatile solvent from a polymer that
was dissolved in a solvent/nonsolvent mixture (“controlled evaporation”), by low-
ering the temperature (“thermal precipitation” ), or by placing the cast film in a
vapor phase that consists of a nonsolvent saturated with a solvent (“precipitation
from vapor phase”) [8].

Th development of integrally skinned asymmetric membranes meant a major
breakthrough for NF/RO membrane synthesis [3]. Thei specific structure
is obtained via immersion precipitation in either a nonsolvent (Figure 2.1)
[8, 9], in a sequence of two different nonsolvents (“dual bath method”) [10],
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Figure 2.1 Schematic of nonsolvent-induced phase inversion process to obtain integrally
skinned asymmetric membranes. Source: Baker 2012 [45]. Reproduced with permission of John
Wiley and Sons.

or by immersion in a nonsolvent after partial “dry” phase inversion caused by
evaporation of the more volatile solvent from a solvent/nonsolvent mixture in
the casting solution (“dry/wet method”) [11].

2.2.2 Basic Principles

Th thermodynamic aspects of immersion precipitation can be best visualized by
the polymer/solvent/nonsolvent phase diagram (Figure 2.2). The initial casting
solution is situated in the stable region of the diagram outside the binodal. The
so-called “demixing by nucleation and growth” (pathway A in Figure 2.2) is the
most common way to phase separate. Polymer solutions situated in the region
between the binodal and spinodal are metastable. Th y will phase separate into a
polymer lean and a polymer-rich phase according to the nucleation and growth
mechanism. Th composition of both of these phases is represented by the A’ and
A’ ends of the tie lines on the diagram. Under ideal conditions, the nuclei would
just grow and mostly progress to a phase coalescence.

Th second pathway B in Figure 2.2 represents “spinodal decomposition.” It
occurs when the demixing path crosses the critical point, going directly into the
unstable region, or when the composition passage through the metastable region
is too fast. Again, following the tie lines, two separate phases appear, but instead
of forming well-defined nuclei, two cocontinuous phases will be formed.

Th phase diagram represents the composition of the membrane at thermo-
dynamic equilibrium, but it does not give any information about the size and
morphology of the formed phases. Th se membrane properties are the result of
the system kinetics. Two types of demixing exist, as shown in Figure 2.2. The

37



38 | 2 Nanofiltration Membrane Materials and Preparation
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Figure 2.2 Phase diagram of a ternary system of polymer, solvent, and nonsolvent,
representing the mechanism of phase separation during immersion precipitation. Source:
Nunes and Peinemann 2001 [215]. Reproduced with permission of John Wiley and Sons.

dotted line represents the composition path of the cast film (1 = top of the film;
3 = bottom) at a certain time t almost immediately after immersion. For each
subsequent moment, another composition path will exist as more solvent will
gradually be exchanged by more nonsolvent. In the left figure, the binodal is
crossed already by the main part of the film at the time ¢ and demixing will start
directly (immediate demixing). On the right figure, a stable composition is still
present at any position in the film. Demixing will only start after a while, when
more nonsolvent has entered the film so that the binodal can be crossed (delayed
demixing).

If the polymer system gels and solidifies soon after the first steps of phase sep-
aration, the membrane will have a fine pore structure, closely reflecting the orig-
inal characteristics given by the initial demixing mechanism. Spinodal demixing
favors the formation of an interconnected pore structure from the beginning.
By nucleation and growth, closed cells can only be prevented when the growing
nuclei grow sufficiently and eventually touch. When the demixing is immediate,
these closed cells are formed close to the film surface and subsequently grow
toward the bottom side, resulting in a porous membrane. However, when demix-
ing is delayed, more solvent can be removed from the cast film, resulting in a film
with a higher polymer concentration at the surface [12, 13].

Macrovoids are finger-like pores formed by means of a rapidly moving front
of nonsolvent (Figures 2.3 and 2.4). Macrovoid formation is favored when the
inward diffusion of nonsolvent into the polymer-poor phase exceeds that of the
outward solvent diffusion and when the polymer system only starts to solidify at
relatively high nonsolvent concentrations. As more nonsolvent enters, the wall
will deform and expand in the form of a tear. Th main driving force for the non-
solvent to enter the developing pore is the locally generated osmotic pressure. At
a certain point, the pore wall will vitrificate or partially crystallize as the solvent
concentration decreases: the pore wall is then completely formed. Membranes
with small pore sizes (sponge-type membranes) are favored when the diffusion
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Figure 2.3 Composition of the polymer film immediately after immersion in the coagulation
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[215]. Reproduced with permission of John Wiley and Sons.
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Figure 2.4 Formation of macrovoids. Source: Nunes and Peinemann 2001 [215]. Reproduced
with permission of John Wiley and Sons.

coefficient of the nonsolvent is low, when the osmotic pressure is low or when a
lot of small, stable nuclei are formed.

The modynamic characteristics of the polymer solution combined with the
kinetic aspects of diffusion thus both determine the ultimate membrane mor-
phology [8]. The following parameters have a large impact on this morphology:

1. Type of polymer (hydrophilicity, charge density, polymer structure, molecular
weight [MW], polymer dispersity, and purity)

2. Composition of the casting solution (solvent, polymer concentration, and
additives)

3. Postcasting evaporation (solvent evaporation time and atmospheric condi-
tions [temperature, humidity, air flow, composition, etc.])

4. Coagulation medium (composition and temperature)

5. Post-treatment (wet or dry annealing, exposure to concentrated mineral acids,
and treatment with conditioning agents)

Th following section describes how these parameters can be used to change
and improve the morphology and performance of asymmetric membranes.
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2.2.3 Polymer Type

Many types of polymers have been used to prepare membranes via phase inver-
sion. The most common ones are polysulfone (PSf), polyethersulfone (PES), poly-
acrylonitrile (PAN), cellulosics, poly(vinylidene fluoride) (PVDEF), polyimide (PI),
and PA [14]. Their structures are shown in Table 2.1.

Th firstimportant factor in the selection of a membrane material is the desired
stability of the polymer. CA has a rather low chemical, mechanical, and thermal
stability. Polymers such as PSf and PES are much more chemically and ther-
mally resistant, as indicated by their high glass transition temperatures of 190
and 230 °C, respectively. However, for many SRNF applications in which harsh
solvents are used, they are only suitable when cross-linked. Other highly sol-
vent-resistant polymer types are (by preference cross-linked) poly(ether ether
ketone) (PEEK) [15, 16], PI [17, 18], and poly(benzimidazole) (PBI) [19].

Because the chemical structure of nonporous (SR)NF and RO membranes
directly influences the solution—diffusion behavior of the permeating com-
ponents from the feed, the choice of the polymer determines the membrane
performance [14]. Therefore, hydrophilic polymers are very suitable for aqueous
applications because they generate membranes with a higher water flux than
hydrophobic polymers. Moreover, they generally show a higher resistance
to fouling in aqueous environments where mainly hydrophobic compounds
tend to adhere to the membrane polymer [20]. Membrane hydrophilicity
can be improved by introducing charged groups, e.g. via sulfonation [20] or
bromination [21].

Th chemical structure also determines the chain flexibility and the confor-
mation and configuration of the polymer, thereby influencing the interaction
between the polymer chains. Higher fluxes can be expected with membranes
prepared from nonlinear polymers, as their interchain distance is higher. In aro-
matic polymers [22, 23], the linearity of the chains depends on the substitution
of the groups on the benzene rings: more para-substituted rings increase the
chain symmetry, thus lead to a more compact structure and a decreased flux.
In the case of relatively rigid polymers, such as PAs and polyamide hydrazides
(PAHs), higher MWs of the polymer chains lead to lower fluxes and higher
rejections. This was explained by the higher amount of hydrogen bonds between
longer polymer chains, causing an overall membrane densification [24].

2.2.4 Casting Solution

Th casting solution contains at least a polymer and a solvent. Cosolvents, non-
solvents, or other additives can be added to the casting solution to influence the
membrane morphology and performance. Important parameters are the poly-
mer concentration and the interaction between the solvent in the casting solution
and the nonsolvent in the coagulation bath. When the interaction is low, more
sponge-like membranes will be obtained [25].
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2.2 Phase Inversion

2.2.4.1 Polymer Concentration

Because of higher viscosity, an increasing polymer concentration slows down the
in-diffusion of nonsolvent and the out-diffusion of solvent, causing the demix-
ing to be delayed. The high polymer concentration at the film surface, together
with the delayed demixing, results in a membrane having a thicker and denser
skin layer. The efore, membranes prepared from higher polymer concentrations
generally show higher rejections and lower permeances [7, 26-31].

2.2.4.2 Addition of Volatile Cosolvents

When volatile cosolvents are added to the casting solution, an evaporation step
is generally introduced between casting and phase inversion to selectively evap-
orate the volatile cosolvent partly (see Section 2.2.5). The effect on membrane
morphology and performance depends on the cosolvent type (boiling point,
interaction with the polymer, solvent, and nonsolvent), the cosolvent concen-
tration, the evaporation time, and the atmospheric conditions (temperature,
humidity, air flow, etc.). Commonly used cosolvents are tetrahydrofuran (THF)
and dioxane, with respective boiling points of 66 and 101°C. The effects of
volatile cosolvent evaporation on membrane morphology and performance are
discussed in Section 2.2.5.

2.2.4.3 Addition of Nonsolvents

Th concentration of nonsolvent that can be added to the casting solution is
determined by the position of the binodal in the ternary diagram (Figure 2.2),
as no demixing may occur before the immersion in the coagulation bath. The
addition of nonsolvent causes the composition of the casting solution to move
toward the binodal, favoring instantaneous demixing and thus promoting the
formation of a more porous membrane [8]. However, other factors that are influ-
enced by addition of a nonsolvent, such as an increasing viscosity of the casting
solution and a decreasing osmotic pressure difference at the nonsolvent moving
front during phase inversion, might counteract fast demixing [29]. Therefore, the
effects of nonsolvent addition on membrane morphology are very dependent on
the polymer—solvent system, the nonsolvent properties, concentration, etc.

By adding water, acetone, isopropanol (IPA), or hexanol as nonsolvent to a cast-
ing solution of PI, N-methylpyrrolidone (NMP), and THF, membrane morphol-
ogy unexpectedly changed from a finger-like to a sponge-like structure, resulting
in a decreased IPA permeance [29]. Moreover, the addition of water as nonsol-
vent to a CA solution suppressed the formation of macrovoids when the solvent
was 1,4-dioxane, while it promoted macrovoid formation with acetone as solvent
[13]. Also, the concentration of the nonsolvent has shown to be an important
factor in the promotion or suppression of macrovoid formation [32].

2.2.4.4 Addition of Other Additives

A wide range of additives, both inorganic and organic, can be added to the cast-
ing solution. Besides their specific function, general additive properties that affect
membrane morphology are their concentration, viscosity, volatility, and nonsol-
vent power [7].
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Possible inorganic additives are inorganic salts, metal oxides, and nanoparti-
cles. Salts have an influence on the interaction between the polymer chains and
on the solution quality [7]. Th addition of LiCl to a PA casting solution increased
the porosity of the formed membrane, said to be caused by leaching of LiCl
from the membrane during phase inversion, leaving behind pores [33]. Metal
oxides generally suppress macrovoid formation, as their presence increases the
viscosity of the casting solution and thus slows down the exchange between
solvent and nonsolvent during phase inversion, which promotes delayed demix-
ing. Th's effect was shown for PI-based SRNF membranes containing TiO, [34].
Noble metal nanoparticles have been added for their photothermal heating
properties, allowing them to turn light into heat [7]. When incorporated in a
membrane, the nanoparticles can improve the flux without compromising the
selectivity by simple light irradiation on the membrane. Th s beneficial effect was
proven by incorporating gold nanoparticles in CA- and polydimethylsiloxane
(PDMS)-based membranes and irradiating them with a laser beam during
filtration [35, 36]. Later on, the technique was optimized by switching to cheaper
silver nanoparticles together with a cheaper and energetically more efficient
light emitting diode (LED) light source [37].

Organic additives can either be small molecules or larger polymeric structures.
Examples of low MW additives are glycerol, alcohols, diols, and dicarboxylic
acids. Frequently used polymeric additives are polyvinylpyrrolidone (PVP) and
polyethylene glycol (PEG). Organic additives can induce or suppress macrovoid
formation depending on the specific polymer/solvent system and on the used
additive concentration. Therefore, the effect of an additive on membrane
morphology is difficult to predict [7]. The addition of a low concentration of
diethylene glycol diethyl ether (DGDE) to a PSf/NMP or polyethylene imine
(PEI)/NMP casting solution did not significantly influence the size or number
of macrovoids in the membrane, although a decrease in permeance and an
increase in selectivity was observed. However, at high DGDE concentrations,
the formation of macrovoids was totally suppressed [38, 39]. The addition of
polymeric additives such as PEG has two opposite effects. On the one hand, it
increases the viscosity of the casting solution, promoting delayed demixing and
the formation of more dense membranes. On the other hand, hydrophilic PEG
can leach out of the membrane during phase inversion, leaving voids behind [40].
Adding PEG200 to a PEI/NMP casting solution suppressed the formation of
macrovoids and caused the retention of the membrane to drastically increase,
while the permeance decreased [41].

2.2.,5 Postcasting Evaporation

During the evaporation step, volatile cosolvents added to the polymer solution
selectively evaporate from the cast polymer film, resulting in a skin layer with
a locally increased polymer concentration. During phase inversion, this dense
skin layer creates an extra resistance against diffusion of solvent and nonsolvent,
which may result in delayed demixing [26]. Longer evaporation times cause the
formed skin layer to be thicker [28]. At very high evaporation times, absorption of
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water from the air may occur, which may lead to partial demixing of the polymer
film before immersion in the coagulation bath [29].

Parameters that have been examined thoroughly in the literature are the volatile
cosolvent concentration and the evaporation time. As expected, the formation of
a dense skin layer results in a decreased permeance of the membrane, both at
increased cosolvent concentration and at increased evaporation time [26, 28—
31, 42]. However, the effect of the evaporation step on membrane selectivity can
increase membrane selectivity or keep it unaffected. In some studies, an increased
cosolvent concentration or evaporation time resulted in an increase in selectiv-
ity [26, 29-31], while in others, the selectivity remained constant [28, 42]. This
difference could not be ascribed to the type of polymer nor cosolvent used in the
studies.

Also, the evaporation temperature obviously strongly influences solvent evap-
oration, although less frequently investigated in detail. Lower fluxes and higher
rejections at increasing evaporation temperatures were observed for PAH and
PA membranes, with the rejection reaching a plateau from 120 °C onward for
the PAH membranes [23, 33, 43].

A high relative humidity is mostly unwanted because water from the air can
be absorbed in the polymer film, especially when hygroscopic solvents such as
dimethylformamide (DMF) or NMP are used in the casting solution or when
long evaporation times are applied. Th s water uptake can cause partial demixing
of the polymer film. For PES membranes, a high relative humidity lowered the
reproducibility of the preparation process [27].

2.2.6 Coagulation Bath

Th type of nonsolvent used in the coagulation bath determines the exchange
rate between solvent and nonsolvent during phase inversion and can drastically
influence membrane morphology. A good solvent/nonsolvent interaction
results in a high exchange rate, favoring immediate demixing and the forma-
tion of macrovoids. This is the case in a dimethylsulfoxide (DMSO)/water
solvent/nonsolvent system [8].

To delay the demixing process, a solvent for the polymer or a weaker nonsol-
vent can be added to the coagulation bath. However, the opposite effect might
occur when the solvents used in the casting solution have a better miscibility with
the solvent added to the coagulation bath than with the original nonsolvent in the
coagulation bath. Th s promotes solvent exchange and thus instantaneous demix-
ing. When IPA is added to a water coagulation bath, delayed demixing is favored
for the PI, as PI has a higher solubility in IPA than in water. However, the inter-
action between the solvent and the nonsolvent is also lowered as the miscibility
of the solvents used in the casting solution (NMP, DMF, or dimethylacetamide)
with IPA is higher than with water. This would favor instantaneous demixing.
In this specific case, the former effect seemed to dominate, as the formation of
a sponge-like structure with decreasing macrovoid formation at increasing IPA
concentration in the coagulation bath was observed [29].
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A higher coagulation bath temperature increases the solvent/nonsolvent
exchange rate, leading to faster demixing. Th formation of a more porous mem-
brane with higher permeance and lower selectivity after increasing coagulation
bath temperature between 0 and 25 °C was shown for PEI and CA membranes
(30, 44].

2.2.7 Post-treatment

Several post-treatments can be applied to improve membrane performance,
chemical stability, or practical handling. Membranes can be post-treated by
wet or dry annealing, cross-linking, or drying by solvent exchange or by using
conditioning agents.

2.2.7.1 Annealing

During synthesis, the presence of gas bubbles in the casting solution, dust
particles on the support fabric, or imperfections in it can introduce defects in
the final membrane [45]. Annealing is used to reduce the number of defects
and therefore generally improves selectivity and lowers the permeance. Wet
annealing is mostly performed in a water bath and optimized per polymer type
but typically at 70-90 °C [7]. The densification effect of wet annealing was shown
for a CA RO/NF membrane, causing a dramatic increase in NaCl rejection from
15% to 82% [44].

2.2.7.2 Cross-linking

Cross-linking is mainly applied to improve the chemical stability of the mem-
brane. Possible methods are thermal, chemical, UV, or electron beam (EB)
cross-linking.

Polyaniline membranes were made solvent resistant by thermal cross-linking
at 180 °C, creating reactive radicals that formed interchain bonds [46]. Chemical
cross-linking with diamines was intensively studied for PI membranes. After
phase inversion, the membranes were placed in a diamine/methanol bath,
in which the solvent acts as a swelling agent for the membrane to improve
cross-linker uptake [47]. Phase inversion and cross-linking could also be per-
formed simultaneously by adding the cross-linker to the aqueous coagulation
bath, which eliminates the need for a hazardous swelling solvent [18, 48]. UV
cross-linking was used in the preparation of PSf and PI membranes, where
semi-interpenetrating networks were formed using polyfunctional acrylates
[49, 50]. These acrylate based cross-linkers could also be applied in the EB
cross-linking of PSf membranes, with the advantage that photoinitiators were
no longer needed [51].

2.2.7.3 Drying

To preserve their surface structure and prevent pore collapse during drying, the
membranes are exposed to a solvent exchange or are impregnated with condi-
tioning agents before the drying step.
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In the solvent exchange method, the nonsolvent in the membrane after phase
inversion (mostly water) is exchanged with a series of more volatile solvents, mak-
ing it more easy to obtain a dry membrane that retains its initial structure [52].
Th solvents have to be miscible with the previous solvent and should not dissolve
the membrane. A screening of several solvents to perform the exchange process
has been made for PEEK membranes [53]. Mineral oils were used as condition-
ing agents for PI membranes, making it possible to dry the membranes without
the formation of cracks [28]. Other reported conditioning agents are glycerol and
hexadecane [54].

2.3 Interfacial Polymerization

2.3.1 Introduction

IP is the most important technique for the synthesis of TFC RO and NF
membranes [6]. In this synthesis method, a polymer film is formed via a reaction
between two monomers at the interface of two immiscible solvents (Figure 2.5).
A porous support is first impregnated with a (mostly) aqueous solution con-
taining the first monomer. Th excess of solution is removed and the saturated
support is contacted with an organic solution containing the second monomer. At
the interface between the two immiscible solvents, the monomers react to form
a dense film on top of the porous support. Because the formation of this top layer
inhibits further contact between the two monomers, the reaction is believed to be
“self-terminating” and the formed film is typically very thin, ranging from a few
tens to a few hundreds of nanometers [55]. Post-treatment steps, such as temper-
ature curing or applying a protective coating, are often applied to further optimize
the membrane performance and physicochemical properties. A schematic of
industrial membrane manufacturing based on IP is shown in Figure 2.6.

PA, synthesized through IP, clearly dominates the field of TFC membranes as
they can concurrently achieve high salt rejection while maintaining good water
fluxes. Th composition and morphology of the membranes, as well as their sep-
aration performance, depend on different parameters, such as concentration of
the reactants, their partition coefficients and reactivities, kinetics and diffusion

Liquid 1 Liquid 2 o
reactant A reactant B Polymerization
SR g
Support Impregnation Immersion reaction Composite membrane

Figure 2.5 Schematic representation of the conventional IP procedure to synthesize
composite membranes.
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| Oven

—(J)—Composite support
membrane feed roll

Organic acid
chloride phase

Protective
coating solution

Figure 2.6 Schematic representation of the IP process executed at large scale. Source: Baker
2012 [45]. Reproduced with permission of John Wiley and Sons.

rates of the reactants, presence of by-products, competitive side reactions,
cross-linking reactions, and postreaction treatment.

2.3.2 Support Materials

Th support material provides the mechanical stability of the composite mem-
brane. For aqueous NF and RO, PSf and PES ultrafiltration (UF) membranes are
frequently mentioned supports. Because these polymers are sensitive to certain
solvents, their use for SRNF applications is limited. Alternatively, other UF sup-
ports, such as PI, PAN, PEEK, and PVDF can be used, cross-linked if required, as
well as inorganic membranes.

Support morphology (pore size and porosity) and chemical properties
(hydrophilicity and reactivity with the monomers) have an influence on the IP
process and the characteristics of the resulting top layer. Support hydrophilicity
can be increased by adding additional hydrophilic polymers to the casting
solution. The addition of hydrophilic PEG and PVP to a PSf casting solution has
shown to lower the water permeability of the composite PA membrane [56]. It is
assumed that the amine monomer in the support interacts with PEG and PVP
through hydrogen bonding, limiting the diffusion of the amine monomer into
the organic phase and causing the PA to be formed partly in the pores of the
support [56]. In SRNF, the affinity between the support layer and the feed solvent
is expected to affect the solvent flux, as PA membranes show a higher THF flux
when formed on a hydrophilic cross-linked PI support than on a hydrophobic
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PEEK support, while the opposite trend is observed for the flux of hydrophobic
toluene [57].

Lee and coworkers transformed part of the nitriles of the PAN support with
NaOH into carboxylic acids (Figure 2.7). These were reacted with a diamine to
form a bond between the support and the top layer that was prepared subse-
quently. It resulted in higher fluxes and a small increase in rejection [58].

2.3.3 Monomers

Th properties of the top layer, which performs the effective separation, are deter-
mined by the characteristics of the polymer obtained after the IP. Density, thick-
ness, hydrophilicity, roughness, functional groups, and charge of the polymer
determine the membrane performance [59]. The most widespread type of top
layer for (SR)NF and RO applications is PA, formed via the reaction between an
amine and an acyl chloride.

2.3.3.1 Amines

In general, PA films made with aromatic diamines show better rejections
but lower fluxes than those with aliphatic diamines [60]. Therefore, aromatic
diamines are commonly used in the synthesis of RO membranes, while aliphatic
diamines are applied for the preparation of more loose NF membranes. Typical
amines are m- and p-phenylenediamine (m-PDA and p-PDA [61]) for RO and
tight NF membranes and piperazine (PIP) for loose NF membranes (Table 2.2).
Th mutual position of the amines strongly affects these properties. Reactions
of o-phenylenediamine (0-PDA), m-PDA, or p-PDA with isophthaloyl chloride
(IPC) or terephthaloyl chloride (TPC) resulted in the best rejections and highest
fluxes when the diamines and the diacylchlorides were located at the same
position on the aromatic ring [62]. Reaction of trimesoylchloride (TMC) with
m-PDA gave the best membrane performance (Figure 2.8) and is the commonly
used combination nowadays in the synthesis of RO or tight NF membranes.
TMC has a triple functionality and can thus form cross-linked polymer chains.
After synthesis, the unreacted acyl chloride groups are hydrolyzed to carboxylic
acid groups, causing the top layer to be negatively charged at neutral pH.
Th highly cross-linked top layer together with its negative charge allows the
membrane to exclude salts and other solutes via both size exclusion and Donnan
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Figure 2.8 Interfacial polymerization of a PA dense layer based on trimesoyl chloride (TMC)
and m-phenylene-diamine (MPD). When n = 1, the resulting polymer is fully cross-linked.
When n = 0, the resulting polymer is fully linear. The terminal carboxylic acid group will be
deprotonated under normal operating conditions, causing the membrane to be negatively
charged.

(electrostatic) exclusion. In NF, anions with a high charge density will be rejected
more strongly by the membrane as they are affected more severely by Donnan
repulsion compared to low charge density anions [63].

To further improve the properties of the top layer, new types of amine
monomers were tested in the recent past (Table 2.2). Incorporation of sulfonated
cardo poly(arylene ether sulfone) (SPES-NH,) in a PA top layer composed
of m-PDA and TMC resulted in a remarkable increase in water permeance
with only a slight decrease in NaCl retention [64]. Also, membranes made
with a combination of m-PDA and 3,5-diamino-N-(4-aminophenyl) benzamide
(DABA), a trifunctional amine, in the aqueous phase showed a similar increase in
water permeance [65]. The use of polyvinylamine (PVAm) as aqueous monomer
resulted in the formation of a PA layer with its surface being positively charged at
pH lower than 6 and negatively charged at pH higher than 7 [66, 67]. Moreover,
zwitterionic amines can be used to create a PA top layer bearing positive and
negative charges at the same time. The addition of the zwitterion aminoethyl
piperazine propane sulfonate (AEPPS) to the aqueous PIP solution significantly
increased the resulting membrane hydrophilicity, resulting in an almost doubling
in water permeance with constant salt rejection [68]. The use of star-shaped
poly(acryloyl hydrazide) polymer as a reagent in the aqueous phase during IP
with TMC in hexane resulted in TFC membranes with permselectivity that can
be tuned for both NF and RO applications [69].

Th main limitation of aromatic PA composite membranes is their sen-
sitivity for chlorine, a common disinfectant in water treatment [70]. It is
assumed to be caused by the presence of N—H bonds in the PA top layer,
which is chlorinated to form N—CI [71]. This reaction also occurred when
a cycloaliphatic amine, 1,3-cyclohexanebis(methylamine) (CHMA), was used
to form the PA top layer [72]. It causes the hydrogen bonds between the PA
chains to be destructed. However, by immersing the membrane in water, the
reaction is partly reversed. In fully aromatic PA, an Orton rearrangement
can take place, in which the chlorine group is irreversibly transferred from
the amide bond to the aromatic ring [71]. By using secondary amines, such as
N,N'-dimethyl-m-phenylenediamine (N,N’-DMMPD), no hydrogen was present
in the formed amide bond, making the membrane more resistant to chlorine
[73]. Moreover, the chlorine tolerance could be improved by using aromatic
diamines having their amine groups in ortho position, such as 0-PDA [74]. Also,
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the presence of other groups, such as chlorine, methyl, or fluorine-containing
groups (e.g. in 2-2'-bis(1-hydroxyl-1-trifluoromethyl-2,2,2-trifuoroethyl)-4—4/-
methylenedianiline (BHTTM)[75], 2-methyl-p-PDA (M-p-DPA) [76], 4-methyl-
m-PDA (M-m-PDA) [77], and 2-chloro-p-phenylenediamine (CPDA) [76] in
ortho position to the amine group showed this beneficial effect, is caused by
sterical hindrance for chlorine attack and by their influence on the basicity of
the nitrogen atom of the amide bond.

Another drawback of PA composite membranes, their high fouling tendency, is
attributed to the high surface roughness and surface charge of the PA layer. Foul-
ing is mainly limited by surface modification via grafting (see Section 2.5.4). Some
alternative amine monomers were reported to improve the fouling resistance
of the PA top layer, such as the zwitterionic polyethyleneimine-g-sulfobetaine
methacrylate (PEI-g-SBMA), which creates an electroneutral NF membrane
[78], and the antibacterial polyhexamethylene guanidine hydrochloride (PHGH),
which lowers the membrane biofouling tendency [79].

2.3.3.2 Acyl Chlorides

Just like for amines, there is a broad range of mono-, bi-, and tri-acylchlorides
to select from (Table 2.2). Although the use of bifunctional acylchlorides
such as IPC [66] and TPC [80] is reported occasionally, the trifunctional
acylchloride TMC generally gives the best rejections and is therefore com-
monly used. To form a combined aromatic-cycloaliphatic PA film, TMC
was replaced by cyclohexane-1,3,5-tricarbonyl chloride (HTC) [77]. In
5-chloroformyloxyisophthaloyl chloride (CFIC), one of the three acylchlo-
ride groups was replaced by chloroformyloxy group, resulting in the formation
of a mixed PA-urethane top layer after reaction with m-phenylene diamine
(MPD) [81]. Furthermore, the reaction of PIP with 3,3’,5,5'-biphenyl tetraacyl
chloride (mm-BTEC) instead of TMC resulted in a positively charged NF mem-
brane with increased salt rejection and water permeance [82]. The application
of 5-isocyanatoisophthaloyl chloride (ICIC) with MPD improved the fouling
resistance of the PA-urea RO membrane, assumed to be caused by its lower
surface roughness and higher hydrophilicity [83].

2.3.3.3 Other Polymer Types

Besides PA, mixed PA-urethane, and PA-urea, other non-PA top layers
are also formed via IP (Table 2.2). The use of triethanolamine (TEOA) or
methyl-diethanolamine (MDEOA) as aqueous monomer resulted in the forma-
tion of a polyester top layer after reaction with TMC. These NF membranes
were particularly useful for treating acidic feed because the water permeance
increased at low pH because of the protonation of the tertiary amine group in
TEOA or MDEOA, which increased its hydrophilicity [84, 85]. Other polyester
top layers were formed by reacting TMC with the natural materials tannic acid
and sericin. These NF membranes showed improved antifouling properties
compared to the conventional PA NF membranes [86, 87]. TFC membranes
with a polyamine top layer were reported as well for NF applications. This top
layer, formed by reacting PEI and cyanuric chloride, showed to be significantly
more stable in extreme pH conditions compared to the conventional PA top
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layer [88]. Also, polysulfonamide membranes, formed via the reaction between
PIP and naphthalene-1,3,6,-trisulfonyl chloride (NTSC), possess an improved
pH stability compared to conventional PA [89].

2.3.4 Monomer Concentrations and Reaction Time

In conventional PA formation via IP, the solvent for the amine monomer is
water, while the acyl chloride monomer is dissolved in an apolar solvent, mostly
hexane. Because of the very low solubility of the acyl chloride in water, the PA
film is assumed to be formed in the organic phase [90, 91]. The ratio of the two
monomers in the reaction zone determines the degree of cross-linking of the
formed film and is influenced by the transport rate of the monomers across the
interface as well as their solubility and diffusion rate in the organic phase.

In the preparation of RO and tight NF membranes, commonly used concentra-
tions are 2.0% (w/v) m-PDA in the aqueous phase and 0.1% (w/v) TMC in the hex-
ane phase. An excess m-PDA is necessary because only a part of the monomers
is transported toward the organic phase. When lowering the m-PDA or TMC
concentration, a decreasing salt rejection and increasing water permeance indi-
cates the less optimal m-PDA/TMC ratio in the reaction zone [61, 92, 93]. Lower
monomer concentrations are also expected to limit the rate of top layer forma-
tion, resulting in a thinner and looser structure with lower selectivity [82, 92]. PIP
is used instead of m-PDA to form more loose NF membranes. A similar correla-
tion between amine concentration and membrane performance was found with
an optimal PIP concentration between 0.5% and 2.5% (w/v) for a TMC concen-
tration of 0.1-0.3% (w/v) [60, 82, 94].

Because the reaction between an amine and an acyl chloride proceeds very fast,
the top layer is assumed to be formed completely within a time frame of a few
seconds to a few tens of seconds, depending on the monomer structure [95]. The
shortest IP time reported in the literature, using m-PDA and TMC as monomers
and resulting in a high salt rejection, is 15 seconds. Increasing the reaction time
did not further influence the water permeance and salt rejection, although oppo-
site results have also been reported [96]. Shorter reaction times were not tested
because of practical limitations of lab-scale membrane preparation [97]. It is gen-
erally assumed that IP follows a diffusion-limited growth caused by the increasing
resistance against monomer diffusion by the formed PA film [98].

2.3.5 Solvent

Besides the conventionally used hexane as a solvent for the acyl chloride
monomer, other solvents reported in the literature are heptane, dode-
cane, cyclohexane, benzene, 1,2-dichloroethane, isopar, and the ionic liquid
1-butyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide [81, 99-103].
While the diffusivity of the amine monomer in the organic phase is determined
by the solvent viscosity, the amine solubility is determined by the molecular
interactions with the solvent [81, 99]. Moreover, the interfacial tension between
the aqueous and the organic phase influences the transport rate of the amine
across the interface [103]. Also, the solubility of the formed PA film in the solvent
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is important because it determines the speed of precipitation of the film. Fast
precipitation inhibits further reaction and may result in a lower MW of the PA
[100, 104].

Furthermore, the solvent temperature was investigated to optimize the mem-
brane performance. Although only the temperature of the organic solution itself
was controlled, the temperature of the whole system is expected to be altered
after pouring this heated or cooled organic solution on the impregnated sup-
port. When using isopar, an increase in temperature from 10 to 50 °C resulted
in a remarkable improvement in water flux, together with only a slight decrease
in salt retention [81, 99]. Recently, the application of subzero temperatures of
the TMC/heptane solution resulted in a nine time increase in water permeance,
while the salt retention only decreased 4%. Th lowest flux was achieved with a
solvent temperature of 25 °C, while a further increase in temperature caused the
flux to rise again [102].

2.3.6 Additives

Different types of additives are used in the aqueous or organic phase to improve
membrane performance. Surfactants can be added to facilitate the impregnation
of the support with the aqueous amine solution and to lower the water—organic
interfacial tension, which promotes the transport of the amine monomers
toward the organic phase [59, 97]. This mostly results in an increase in water flux
of the composite membrane. Cationic (e.g. triethyl benzyl ammonium bromide
[100] and cetyl trimethyl ammonium bromide [105, 106]) as well as nonionic
(e.g. Triton X-100 [105, 106]) and anionic surfactants (e.g. sodium dodecyl
sulfate [60, 93, 97, 105, 106]) are reported, added either to the aqueous or to
the organic phase. Also, camphor sulfonic acid, applied to adjust the pH of the
amine solution, is believed to improve the amine uptake in the support [99, 107].
Because hydrogen chloride (HCI) is formed during PA formation, acid acceptors
(e.g. sodium hydroxide) can be added to the aqueous phase to prevent the amine
monomers from being protonated by HCI and lose reactivity [60, 97]. However,
a negative effect on the membrane performance was observed in some cases,
which might be caused be the hydrolysis of the acyl chloride by the hydroxyl
ions of the acid acceptor [97, 108]. Some acid acceptors, such as triethylamine
(TEA), can also act as a catalyst for the reaction between the amine and the
acyl chloride monomer. Because TEA is more nucleophilic than the amine
monomer, it reacts with the carbonyl group of the acyl chloride, creating an
intermediate that is more reactive toward the amine monomer than the original
acyl chloride [97]. The addition of inorganic salts (e.g. CaCl, [109] and LiBr [85])
to the aqueous phase results in an increase in water flux, mostly accompanied
by a decrease in selectivity. It is assumed that complexation of the Ca** and Li*
ions with the carbonyl group of TMC increases the rate of hydrolysis of the acyl
chloride, resulting in a more loose PA or polyester top layer after reaction with
an amine or an alcohol, respectively [85, 109]. In the final PA membrane, the
complexation would also cause the N in the amide bond to be positively charged,
which limits the attack of electrophilic chlorine and thus improves the chlorine
resistance of the membrane [109]. The addition of a zwitterionic copolymer
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(poly(aminopropyldimethylaminoethyl methacrylate)-co-poly(sulfobetaine
methacrylate)) to the aqueous MPD solution during IP with TMC in hexane
resulted in a PA-based NF membrane having a 10 times higher water permeance
with comparable dye rejection compared to commercial NF membranes [110].

Instead of adding the additives to one of the reaction phases, they can also be
inserted in the pores of the support before impregnation with the first monomer.
By filling the pores of a cross-linked PI support with PEG, the hydrophilicity of
the support increases, improving its wetting with the aqueous amine solution.
Th resulting TFC membrane showed a significantly higher permeance, possibly
caused by the slower transport of m-PDA toward the organic phase during IP.
Th's was ascribed to hydrogen bonding of m-PDA with the PEG molecules in
the support, causing the top layer to be thinner [57, 111]. In a similar way, the
addition of linear polymer chains in the substrate, designed to participate in the IP
reaction between m-PDA and TMC, helped reinforce the thin top layer. Increased
rejection of divalent salts with improved water permeability was observed [112].

Besides additives, also cosolvents are added to the aqueous as well as the
organic phase. The aim is to improve the miscibility of the aqueous and the
organic phase, creating a more diffuse interface. This generally results in an
improved flux of the composite membrane. Cosolvents reported are DMSO
[113], n-propanol [100], IPA [81, 100], and hexamethyl phosphoramide [114] in
the aqueous phase and acetone [115, 116], ethyl acetate [117-119], diethyl ether
[117-119], and toluene [118] in the organic phase.

2.3.7 New Approaches

Recently, Hermans et al. presented a more efficient, time-saving, and
material-saving approach to prepare interfacially polymerized membranes.
Here, the amine monomer for the IP was added to the coagulation bath, making
it possible to perform phase inversion and impregnation of the support with the
amine monomer at the same time [93]. Moreover, a cross-linker for the support
could also be added to the coagulation bath, converting a three-step synthesis
(phase inversion, cross-linking, and impregnation) to a one-step process [120].

Two new approaches were developed to obtain composite membranes with
extremely high permeances. In the first one, Karan et al. fixed a cadmium hydrox-
ide nanostrand layer on a porous support before IP. After top layer formation, the
nanostrand layer was removed by acid dissolution and the free floating top layer
was transferred to a polymeric or alumina support. This top layer was less than
10 nm in thickness and showed, after fixation on an alumina support, an acetoni-
trile permeance, which was 2 orders of magnitude higher than that of commer-
cially available membranes [121]. In the second approach, Jimenez-Solomon et al.
used contorted monomers in IP to create a top layer with enhanced microporos-
ity and higher interconnectivity of the intermolecular network voids. By reacting
TMC with contorted aromatic phenols, a polyarylate (aromatic polyester) top
layer with a thickness down to 20 nm was formed. The membrane showed sol-
vent permeances up to 2 orders of magnitude higher than conventional TEC
membranes [122].
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Electrospraying has recently emerged as a novel technique to produce PA films,
allowing full control over its roughness and thickness, two parameters that can-
not be controlled in conventional IP [123, 124]. PA films synthesized through this
so-called 3D printing technique are smoother and thinner than conventional PA
membranes while they still exhibit good permselectivity [123, 124].

2.3.8 Post-treatment

To improve membrane selectivity by completing the cross-linking of the top
layer and to remove residual solvent, a curing step at elevated temperature is
sometimes applied. By increasing the curing temperature or time, the degree
of cross-linking and membrane density is increased. However, too high tem-
peratures can damage the membrane, which results in a decrease in selectivity.
Conventional curing temperatures lie in the range of 40-120°C [99]. The
rejection of the membranes for neutral molecules, such as boron, can also be
tuned postsynthesis by plugging the pores of the PA by letting it react with
hydrophobic amines [125].

Th application of a coating layer on top of an IP-synthesized membrane allows
to modify the surface properties, adding an extra tuning possibility in membrane
synthesis. Neutral hydrophilic polymers, for example, such as poly(vinyl alcohol),
have been widely used to increase membrane hydrophilicity, increase membrane
smoothness, and reduce surface charge [126].

Another post-treatment of TFC PA membranes is their immersion in or filtra-
tion with an activating solvent, e.g. DMF or DMSO. Although the mechanism
is not fully understood yet, it was shown that this treatment causes the solvent
permeance to increase drastically [111, 120, 127].

2.4 Coating

2.4.1 Introduction

A relatively simple membrane preparation technique is the coating of a solution
on a support. The solution contains a polymer, a prepolymer, or a monomer that
will form the selective layer of the membrane. After the coating step, the mem-
brane is generally heated to evaporate the solvent of the coating solution and
to cross-link the top layer, which improves the membrane stability and perfor-
mance [128]. Different types of coating exist, e.g. dip coating, spin coating, or
spray coating [8].

Th polymer choice depends on many parameters, such as strength and stabil-
ity of the polymer, film-forming properties, solubility in solvents, price, possibility
to cross-link, etc. One or more layers can be coated on the support, the latter
commonly referred to as “layer-by-layer (LbL)” deposition. An increasing num-
ber of layers increases the thickness of the selective layer and mostly lowers the
flux [129, 130]. Also, the viscosity of the coating solution, which is influenced
by the temperature of the solution, the polymer concentration, and the presence
of additives, determines the thickness of the selective layer. A higher polymer
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concentration generally results in a decreased flux and an increased rejection
[128, 131]. The type of cross-linker, its concentration, reaction medium, reaction
time, temperature, etc., determine the degree of cross-linking [132].

Besides the above-mentioned coating techniques, atomic layer deposition
(ALD) is another technique capable of depositing a variety of thin film materials
from the vapor phase and, thanks to the recent improvements made in the field,
can now be applied atop polymeric materials [133, 134].

2.4.2 Examples

Th dip coating technique was applied to fix a PEEK-selective layer on a porous
support, followed by curing. Before membrane synthesis, tertiary amine groups
were attached to the polymer to obtain a positively charged membrane [131].
In situ cross-linking of the PEEK top layer with bisphenol A diglycidyl ether
clearly improved the salt rejection, while only a minor decrease in water flux was
observed [128].

Spin coating was used to prepare a top layer from nanosized polymer particles
[130] or polymers of intrinsic microporosity (PIMs) [135]. PIMs are contorted,
rigid polymers having a continuous network of interconnected, intermolecular
voids, which are therefore expected to show an improved solvent permeance dur-
ing filtration. A high n-heptane permeance was indeed observed after optimizing
the top layer thickness by varying the PIM concentration, being 2 orders of mag-
nitude higher than the permeance of a commercial SRNF membrane [135]. In the
coating of nanosized polymer particles, the size of the nanoparticles determined
the dimensions of the interstitial spaces through which permeation occurred.
An increasing nanoparticle concentration and a higher number of coating layers
improved the selectivity of the membrane while flux decreased [130].

Other frequently used polymers in LbL coating are polyelectrolytes. In
this method, a charged support is alternately dipped into oppositely charged
polyelectrolytes, generating a multilayer film, which is stabilized by electrostatic
interactions [129]. The important parameters in the synthesis are shown to be
the number of bilayers deposited, the dipping and rinsing times, the coating
temperature, and coating solvent. By optimizing these reaction conditions with
poly(diallyldimethylammonium) chloride as a polycation and poly(vinylsulfonic
acid sodium salt) or poly(sodium 4-styrenesulfonate) as a polyanion, an earlier
20-80-step synthesis was shortened to 6 steps, lowering the preparation time
from 7hours to 12minutes without negatively influencing the membrane
performance [136]. By using weak polyelectrolytes, such as poly(allylamine
hydrochloride) as a polycation and poly(acrylic acid) as a polyanion, the charge
density of the multilayer membrane can be tuned by changing the coating pH.
As the membrane performance shown to be highly dependent on this charge
density, an extra synthesis variable for optimizing the membrane performance
was introduced in this method [137]. Because most polyelectrolyte multilayer
membranes are stable in harsh solvents such as DMF, THE, and acetonitrile, they
are highly suitable for use in SRNF [136].

Moreover, an “IP-like” LbL coating procedure was presented, in which TMC
and m-PDA solutions were alternately deposited on the membrane surface. In
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every step, only a single molecular layer was added because the stoichiometry
between the monomers limits the degree of polymerization. Ths way, a more
homogeneous PA top layer with a 70 times lower surface roughness compared to
the conventional interfacially polymerized PA top layer was formed [138].

Th deposition of an Al,O, layer atop a PA-based TFC membranes through
ALD resulted in an increase in hydrophilicity of the top layer, although at the
expense of salt rejection [134]. When applying ALD of TiO, on RO and NF mem-
branes, differences with respect to film growth kinetics, optimal ALD conditions,
and depth of deposition are observed. For RO membranes, the coating is mainly
located at the surface and causes an increase in surface charge, while for NF mem-
branes, the coating is also present inside the pores [139].

2.5 Surface Modification

2.5.1 Introduction

Surface modifications of RO or (SR)NF membranes are often applied to further
enhance the performance of the prepared membranes or to improve their
long-term stability. The modification techniques can change the pore structure,
introduce functional groups, change hydrophilicity, etc. Reported modifica-
tions are plasma treatment, classical organic reactions, polymer grafting, and
photochemical modification.

2.5.2 Plasma Treatment

Th treatment of membranes with a high-frequency discharge plasma allows
to change the surface chemical composition, which can dramatically alter the
surface properties [140]. An electric glow discharge plasma with ambient air as
the working gas was used to modify a poly(1-trimethylsilyl-1-propyne) (PTMSP)
membrane for SRNF applications. The treatment induced the formation of
oxygen-containing groups and negative charges and increased the surface
hydrophilicity, leading to lower alcohol fluxes [140]. Similar effects on the
membrane surface properties were observed when treating a PDMS membrane
with an Ar, Ar—H,, or an Ar—O, plasma [141] and a PA TFC membrane with
a NH; plasma [142]. The latter also showed a decreased fouling tendency for
proteins and humic acid in aqueous applications.

2.5.3 Organic Reactions

2.5.3.1 Covalent Linking of Monomers

Reactive functional groups on the membrane surface can be used to link certain
monomers to the surface in order to modify the hydrophilicity and/or charge
of the membrane. To improve the water flux in RO and NF applications, a PA
TFC membrane was capped with 2,5-diaminobenzene sulfonic acid [143] or with
TEOA [144] via a reaction of the free acyl chloride groups on the membrane sur-
face with the amine groups or the hydroxyl groups of the monomer, respectively.
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Acyl chloride quenching with ethylene glycol, ammonium hydroxide, methanol,
ethanol, and iso-propanol was also performed to alter the surface charge and
the water salt selectivity and water permeability [145]. By capping the surface
of a PA TFC membrane with monomers containing hydrophobic groups, the
hydrophilicity of the membrane was reduced, which greatly improved the apolar
solvent flux [127].

2.5.3.2 Sulfonation

Th reaction of cross-linked asymmetric membranes based on PS with concen-
trated sulfuric acid resulted in the sulfonation of these membranes. Both water
flux and salt rejection were thus increased [146].

2.5.3.3 Nitration

A gas-phase nitration technique was developed to modify PSf UF membranes.
Th membranes were treated with a gas mixture of NO and NO,, followed by
a reduction with hydrazine hydrate to form amine groups. Ths resulted in the
transformation of the UF membrane into a NF membrane [147].

2.5.4 Polymer Grafting

In polymer grafting, covalent bonds are generated between the membrane sur-
face and monomer, which is polymerized during the grafting step or a grafted
polymer. The efore, reactive sites, usually in the form of radicals, have to be gener-
ated. Radicals can be formed via UV, redox, electron beam (EB), y-ray, or plasma
initiation. Besides radicals, reactive functional groups on the membrane surface
can also act as grafting sites.

Polymer grafting is a commonly used technique to reduce the fouling ten-
dency of RO and aqueous NF membranes as the surface charge is altered
and the membrane surface is made more hydrophilic. PA top layers can
be grafted with fluorinated polyamines, which are covalently bound to the
membrane surface via the reaction between their amine groups and the
excess carboxylic acid groups on the PA surface [148] or with zwitterionic
3-(methacryloylamino)propyl-dimethyl-(3-sulfopropyl) ammonium hydroxide
monomers, in which the graft polymerization is redox initiated with cesium(IV)
[149]. Also, asymmetric NF membranes can be grafted to improve their
antifouling behavior. Methacrylic acid was used as a grafting molecule for
PES membranes, with potassium disulfate and potassium thiosulfate as redox
initiators [150]. The UV-initiated grafting of acrylic acid and ethylenediamine
dihydrochloride on a PES membrane was reported as well [151]. In all cases,
polymer grafting caused the permeance of the membrane to decrease, while its
selectivity and fouling resistance (mostly tested with humic acid or proteins as
fouling agents) increased. To increase membrane hydrophobicity, an Ar plasma
was applied to cleave the C—H bonds in a PAN membrane, which then formed
reactive sites for graft polymerization with styrene. Ths treatment improved
the membrane performance in the removal of dewaxing solvents (methyl ethyl
ketone and toluene) from dewaxed lube oil [152].
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Grafting through EB has also been reported, although less often compared to
UV photoinitiation. Besides the low availability and more costly setup, EB does
not require catalysts, photoinitiators, solvents, or other toxic reagents and can
also interpenetrate the membrane, allowing functionalization of the inner surface
[153]. EB-induced grafting of 2-acrylamido-2-methylpropanesulfonic acid onto a
PSf-based UF membrane resulted in high removal of Cr(VI), therefore converting
it into a highly permeable NF membrane [154].

2.5.5 Photochemical Modification

When a photochemically active group is incorporated into the membrane
polymer, UV radiation can convert this active group into a wide range of
functionalities.

A poly(sulfonamide) composite membrane containing a 3-diazo-4-oxo-
3,4-hydro functionality was modified by converting the photochemically active
group into a bromo-ethylester derivative by UV irradiation in the presence of
2-bromo-ethanol. Th bromo-ethylester was then treated with TEA to obtain a
dioxolan ring structure, through which the NaCl rejection increased by a factor
of 3. Th ring was later opened via an acid treatment to form a hydroxy-ethylester
membrane [155].

2.6 Ceramic Membranes

2.6.1 Introduction

Ceramic membranes consist of metal oxides, nitrides, or carbides. Th most com-
mon membranes are made of Al Si, Ti, or Zr oxides, with Ti and Zr oxides being
more stable at extreme pHs, while Al or Si oxides are more resistant toward
organic solvents [156]. In some less-frequent cases, Sn or Hf was used as base
element. Each oxide has a different surface charge in solution. Other membranes
can be composed of mixed oxides of two of the previous elements or are stabilized
by additional compounds present in minor concentrations.

Ceramic membranes normally have an asymmetrical structure composed of at
least two, mostly three, but sometimes even more, different porosity levels. Before
applying the active, microporous top layer in ceramic NF membranes, a meso-
porous intermediate layer is often applied to reduce the surface roughness. Th
macroporous support ensures the mechanical resistance of the NF membrane.
Most ceramic NF membranes are prepared using a sol—gel process, in which pore
sizes can be easily controlled for the desired application. MW COs between 200
and 1000 g/mol have been reported [157].

2.6.2 General Synthesis Procedure

Sol-gel is a very general process that converts a colloidal or polymeric solution
into a gelatinous network (Figure 2.9). In the colloidal gel route, a sol is formed by
mixing a metal salt with water, while in the polymeric gel route, metal-organic
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Figure 2.9 The colloidal and polymeric route in the sol-gel process. Source: Li 2001 [157].
Reproduced with permission of John Wiley and Sons.

precursors are mixed with an organic solvent. After coating the sols on a mem-
brane support, they are transformed to either a colloidal or a polymeric gel via
drying. By applying a thermal treatment, the membranes are then further sin-
tered. Th colloidal gel route is considered to be the most environmentally benign
technique because it does not use hazardous organic solvents and is therefore
preferred for industrial ceramic membrane preparation [158].

2.6.2.1 Sol

Th solis a solution of nanometer-sized particles, which allows an intimate mix-
ing at molecular level of different precursors and is thus capable of yielding homo-
geneous multicomponent ceramics. Th hydrolysis and condensation behavior of
the sol is of key importance in the transformation to a gel and is determined by
several process parameters, such as the type of metal, the water to alkoxide ratio,
and the presence of catalysts [159]. A binder (e.g. glycerol [158, 160], polyvinyl
alcohol [156, 160], hydroxypropyl cellulose [161], or glycerin [161]) is often added
to control membrane thickness, limit infiltration of the sol by increasing its vis-
cosity [160, 162], and reduce crack formation during the drying step [158].

In the colloidal gel route [158, 160, 161], the hydrolysis rate is fast and a
“particulate” sol consisting of gelatinous hydroxide particles is formed. Th
primary colloidal particles are usually in the range of 5-15nm. Particle size,
shape, and packing are important because the final membrane pores are formed
by the voids generated by the packing of the primary particles [162]. The fine
colloids obtained through the colloidal sol route need to be stabilized by an acid
(e.g. HNO, or HCI) to avoid aggregation. The acid causes the particles to peptize,
creating smaller, and positively charged particles, which results in the formation
of a clear sol [156, 158, 161].

A much smaller amount of water is present in the polymeric gel route [156,
163, 164]. This route actually does not go through a real “sol” state, but rather a
“solution” state, in which the basic components are not really particles but more
polymeric molecules. They have a mineral core surrounded by an organic shell
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that prevents aggregation. Th interpenetration of the polymeric structures ulti-
mately leads to the formation of the pores [165].

2.6.2.2 Coating

Deposition of the sol layer on a porous support is commonly performed via dip
coating [156, 158, 161, 163]. Mostly, humidity is controlled during coating and
drying, as it influences the hydrolysis and the condensation reactions [156, 160].

26.23 Gel

Drying of the coated sol layer is mostly performed at moderate temperatures
between 20 and 100 °C. During this process, the solvent evaporates and the sol is
transformed to a gel via polycondensation of the hydroxylated metal species, cre-
ating metal-oxo-metal or metal-hydroxy-metal bonds [159]. The growing clusters
eventually collide to form a three-dimensional network, called gel [162]. Gelling
can be detected by a sharp increase in viscosity in the colloidal gel route. Viscosity
increases much more gradually in the case of polymeric gels.

2.6.2.4 Sintering

After formation of the gel layer, the membrane is heated to obtain the final mem-
brane structure. The sintering (also called calcination or firing) temperature com-
monly ranges between 350 and 600 °C. During sintering, the particles in the gel
grow, causing an increase in pore size and decrease in pore volume of the mem-
brane [162]. This treatment thus determines the final MW CO of the membrane.

2.6.3 Membrane Types

2.6.3.1 Titania

Titania is a very common material for the preparation of ceramic NF membranes.
In the past, these membranes were mainly synthesized via the polymeric route.
However, because of the easy operation and the nonvolatility and nontoxicity of
water, the colloidal route is preferred for industrial membrane production and is
being more intensively investigated nowadays [161].

In the synthesis of TiO, membranes via the colloidal route, the moment at
which organic binders are added to the sol has shown to influence the resulting
membrane morphology. When adding them before the acid-induced peptization
of the sol, they tended to bind to the surface of the TiO, nanoparticles, separat-
ing them into smaller fragments. This did not take place when the binder was
added after peptization. After transformation of the smaller particles to a gel, a
membrane with smaller pore size and higher salt rejection was obtained [161].

2.6.3.2 Zirconia

Also, zirconia is a frequently reported ceramic membrane material. ZrO, NF
membranes with an MWCO of 200-300 Da were prepared via the polymeric
gel route. To create a highly pH-stable membrane, the alumina mesoporous
interlayer was replaced by a zirconia interlayer. The resulting membranes did
not show any corrosion (no significant changes in permeance and MWCO) after
a four-week filtration test with feed solutions having a pH of 1 or 13 [156].
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2.6.3.3 Alumina

Th two most important crystallographic forms of alumina are a- and y-alumina,
of which the former is commonly used as macroporous support, while the latter
is mainly applied in the formation of a microporous top layer.

y-Alumina membranes were formed via the colloidal gel route by using acetic
acid or nitric acid as a peptizing agent and glycerol as a binder. Acetic acid is
shown to be the superior peptizing agent, generating an alumina sol consisting
of smaller particles with a more narrow particle size distribution. Th s stable sol
resulted in the formation of a membrane with a higher porosity, a more narrow
pore size distribution, and a smaller tortuosity, having an MWCO of 1000 Da and
a high pure water permeance of more than 201/m? h bar [158].

Alumina-based membranes suffer deterioration and blistering under
steam-containing environments at elevated temperatures. Delamination of
y-Al,0O; membrane from the a-Al,O; supports in hot steam has also been
observed, further limiting the application of these membranes in high temper-
ature and humid conditions as encountered in food processing and medical
applications. To overcome the hydrothermal instability of alumina-based mem-
branes, doping with lanthanum, gadolinium, and calcium has been investigated.
Improved adherence between the different layers of y-Al,O; and a-Al,O, was
achieved through phosphate bonding [166]. It should also be noted that zirconia
and titania are more stable over a wide pH range than y-alumina [167].

2.6.3.4 Silica

Silica is an attractive material to form NF membranes because the pore size can
be controlled in a wide range. However, the low stability of narrow-pore silica
under high temperatures, especially in the presence of water vapor, causes the
aqueous applications of silica membranes to be limited [168]. This is because SiO,
undergoes densification through the restructuring of the silica upon exposure to
water vapor at elevated temperatures, causing tremendous drops in membrane
permeability [169].

A SiO, NF membrane was prepared via dip coating a silica sol on an alumina
support. Th membrane showed a very low water permeance and only moderate
rejections of mono- and divalent salts (30—-50%). However, the membrane was
able to retain ibuprofen and caffeine by about 80% [170].

2.6.3.5 Mixed Oxides

To overcome the hydrothermal instability of silica and alumina membranes, they
can be doped with other metals such as zirconia, titania, alumina, or nickel. Th's
might also positively influence membrane performance [168]. When doping a
silica sol with 5% TiO,, a membrane with a 30 times higher water permeance
and increased rejection compared to the pure silica membrane was obtained.
Mono- and divalent salt rejections increased from 30-50% to 50—70%, while
the rejection of ibuprofen and caffeine increased from 80% to 90% [170]. A
membrane prepared from equimolar concentrations of SiO, and ZrO, showed
an MWCO of 200-350 Da. The water permeance decreased when increasing the
firing temperature from 200 to 550 °C [168].
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Also, titania is frequently mixed with other oxides. A TiO,/ZrO, membrane
was prepared using equal molar amounts of Ti and Zr precursors. Th resulting
membrane showed an MWCO of 620-860 Da but with a rather low water per-
meance [164]. To increase the hydrophobicity of this type of membrane for use
in SRNF, carbon was incorporated in the selective layer by sintering under inert
atmosphere (N,), which causes pyrolysis of the alkoxide groups. Additional com-
ponents were added to the sol to further increase the amount of carbon after
pyrolysis. An MWCO of 350 Da could be obtained with these hydrophobized
membranes [163].

An yttria-stabilized zirconia (ZrO,/Y,0,) membrane was prepared via the col-
loidal gel route with a Zr/Y molar ratio of 92/8. Th size of the sol particles was
influenced by the precursor concentration, the refluxing temperature, and the
molar ratio of reagents. An MWCO of 800 Da together with a high water perme-
ance of 281/m? h bar was obtained [160].

2.6.3.6 Organic Doped Ceramic Membranes

Th addition of organic chelating ligands to the sol allows tuning of the pore size
and the hydrophilicity of the final NF membrane [171]. When diethanolamine
is added to the sol and the gel is subsequently sintered under inert atmosphere,
carbon is integrated in the TiO,/ZrO, ceramic membrane. Ths causes the
hydrophobicity of the membrane to increase, while achieving an MWCO of
350 g/mol for styrene in THF [163].

2.6.4 Supports

Even though they only give support to the top layer, which performs the actual
separation, the importance of the support layers cannot be underestimated.
Th quality of the support often determines the final quality of the composite
membrane because defects and irregularities in the support usually also produce
defects in the thin top layer applied on it. For an optimal deposition of the top
layer, constant and homogeneous surface characteristics, such as a small pore
size, narrow pore size distribution, low roughness, and high thermal, acid—base,
and/or solvent stability, are required [172]. To lower the roughness and pore
size of the final support surface, intermediate layers with a gradual decrease
in thickness and pore size are often applied between the ceramic support and
the top layer. Common supports are disc- [156, 164, 173] or tubular-shaped
[158, 160, 161, 163, 170] but also ceramic hollow fibers can be used [174].
a-Alumina with a pore size ranging from 1 pm down to 100 nm is frequently
used as macroporous support [156, 158, 161, 163, 164, 170, 173]. In contrast to
y-alumina, it cannot be produced with pores smaller than 100 nm. The meso-
porous interlayer can be prepared from different materials, such as y-alumina
[161, 164, 170], zirconia [160], or alumina or yttrium-doped zirconia [156].

2.6.5 Surface Modification

Grafting is a frequently applied technique to modify the surface of ceramic
NF membranes. By replacing the OH groups on the membrane surface by
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other, sometimes large molecules with varying functionalities, membranes
with increased hydrophobicity (for SRNF applications), narrowed pore size and
improved selectivity, or lowered fouling tendency (for aqueous applications) can
be obtained.

Different types of covalent bonds with the membrane surface can be formed,
depending on the type of grafted molecule. Th metal (M) of the membrane
can be connected with the grafted molecule via oxygen (O) and a heteroele-
ment, which is the case in silanation (M—O-Si—R), etherification (M—O-R), and
phosphonic acid grafting (M—O-P-R). While the first two bond types are quite
sensitive to rehydroxylation, the third one is more stable. An even more stable
covalent bond can be formed when the metal is bound directly to the grafted
molecule (M—R). Ths type of bond can be obtained when a grafting method
based on Grignard chemistry is applied [175].

Silanation of commercial titania or y-alumina membranes was performed by
grafting the membrane surface with perfluoroalkylsilanes with different alkyl
chain lengths [176] or with PDMS [173, 177]. Depending on the characteristics
of the grafted macromolecule, the hydrophilicity of the membrane can be
tuned. Phosphonic acid and Grignard grafting were applied to lower the fouling
tendency of commercial titania membranes. Although ceramic membranes have
a lower intrinsic fouling tendency than polymeric membranes, their resistance
against typical fouling agents could be further increased by this grafting step.
Especially, the methyl Grignard grafted membrane showed an extraordinary
low degree of irreversible fouling [178]. In another study, Grignard grafting
was applied to increase the hydrophobicity of commercial titania membranes.
Grafting of pentyl or octyl groups on the membrane surface caused a remarkable
increase in nonpolar solvent flux, together with increasing selectivity. Because
the OH groups on the surface were only partially replaced by alkyl groups, the
membrane obtained an amphiphilic character and the water flux remained more
or less constant [175].

Surface modification of ceramic membranes (MF, UF, and NF) through ALD
has recently also been reported, often with titania and alumina or silica as
deposited layers. Th number of ALD cycles allows to finely tune the pore size
and therefore directly influences the separation performance of the membrane
[179-181]. The deposition of a silica layer on porous anodic alumina membranes
through ALD and the subsequent chemical functionalization with perfluo-
rodecyldimethylchlorosilane showed enhanced NF selectivity for hydrophobic
molecules over hydrophilic molecules [182]. Atmospheric pressure ALD, which
is more economical and less complex than conventional ALD, has also been
reported to deposit TiO, layers on top of ceramic NF membranes [183]. These
coated membranes largely outperform polymeric and pristine ceramic NF
membranes of comparable MWCO. Next to ALD and chemical grafting, in situ
chemical deposition [184] and chemical vapor deposition [185, 186] have also
been used to convert ceramic UF membranes into NF membranes by tuning the
pore size.
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2.7 Hollow Fiber Preparation

2.7.1 Introduction

Hollow fibers consist of cylindrical membranes with an inner diameter of less
than 0.5 mm [55]. Thousands of these fibers are combined into a bundle, which
forms the membrane module after applying an outer shell [187]. By applying this
configuration, a high packing density and high surface/volume ratio is obtained,
which allows to use relatively small devices [188]. Two module arrangements
exist, an “inside-out” and an “outside-in” configuration, in which the feed or the
permeate flows through the inner part (lumen-side) of the fibers [55].

Hollow fibers are used as membrane configurations for NF applications,
although the industry standard is still flat sheet membranes assembled in a spiral
wound configuration as they require less pretreatment and are intrinsically
less prone to fouling [45, 188, 189]. Here, the general synthesis procedures
of conventional and composite hollow fiber membranes are given, while the
main advantages and disadvantages of the different existing membrane modules
(spiral wound, plate-and-frame, hollow fiber, etc.) are discussed in Chapter 9.

2.7.2 General Synthesis Procedure

Th general hollow fiber preparation procedure is shown in Figure 2.10.
A dope solution is extruded through a spinneret with a specified inner and outer
diameter, while a bore fluid, serving as an internal coagulant, is introduced via
a needle into the lumen side of the dope fiber precursors. Th pressure applied
on the dope tank determines the flow rate of the solution through the spinneret.
After going through an air gap, phase inversion of the fiber precursor occurs in a
coagulation bath. Subsequently, the formed fibers are taken up by two roles and
collected on a reel. The fibers are then cut, washed with water, and dried before
preparing the membrane module. Th dimensions of the fiber are determined
by the dope flow rate, the spinneret dimensions, the length of the air gap, and
the take-up speed on the roles [188].

43
4

Figure 2.10 Hollow fiber preparation procedure. (1) N, gas cylinder, (2) bore fluid tank, (3)
dope solution tank, (4) bore fluid pump, (5) dope solution pump, (6) spinneret, (7) external
coagulation bath, (8) circulation pump, (9) water spray, (10) take-up roles, and (11) reel. Source:
Darvishmanesh et al. 2001 [188]. Reproduced with permission of Elsevier.
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Polymeric as well as ceramic membranes can be formed into a hollow fiber
configuration. In the case of a polymeric membrane, the dope solution contains
a polymer dissolved in a solvent. As phase inversion will occur, the same param-
eters as discussed in Section 2.2 will determine the final membrane morphology
and separation capacity. Fibers preferably contain a microporous structure hav-
ing a dense selective layer on either the outside or the inside surface. Th dense
surface layer can either be an integral part of the fiber or a separate layer coated
onto the porous support fiber (see Section 2.7.3) [45]. For ceramic membranes,
a stable suspension consisting of a metal oxide, a solvent, binders, and possibly
other additives is used. After drying the hollow fiber ceramic membrane, a sin-
tering step must be applied to remove the organic components and to densify the
membrane structure [174, 190].

2.7.3 Composite Hollow Fiber Membranes

Coating of UF hollow fibers to achieve NF or even RO performance has been
widely reported. Composite hollow fibers can be achieved through the LbL
technology by depositing multilayer films of anionic and cationic polyelec-
trolytes [191, 192]. Similar to flat sheet TFC membranes, IP can also be used to
deposit a thin film either on the inside or the outside of the fibers [193-195].
Both methods allow individual optimization of the top and the support layer as
synthesis of both layers is decoupled. However, this multistep approach is costly
and time consuming and has therefore motivated the preparation of composite
hollow fiber membranes in one step. Th “chemistry in a spinneret” approach
simultaneously allows formation of the porous support and the selective layer by
adding one monomer to the bore fluid and dissolving another monomer in the
polymer solution [196, 197].

2.8 Commercial and Novel (SR)NF Membranes

2.8.1 Commercial (SR)NF Membranes

While RO and NF membranes were formerly produced through phase inver-
sion from cellulose acetate, they are nowadays mostly TFC membranes [198].
Current commercial NF membranes are almost solely based on PIP-TMC chem-
istry, while for RO membranes, the basis is the reaction between MPD and TMC,
also widely known as FT-30 chemistry. A noncomprehensive overview of some
widely used commercial NF membranes is given in Table 2.3. Even though the
core chemistry of these membranes is the same, the final membrane performance
differs because of slightly different synthesis parameters, the use of additives,
and the application of post-treatment steps, information, which are often trade
secrets of the membrane manufacturers. Regarding commercial membranes for
organic solvent nanofiltration (OSN)/SRNF, several companies are in the market.
Evonik’s commonly used asymmetric membranes are produced through phase
inversion from polyimide and can be used in a wide variety of solvents. Th low-
est MWCO is currently 150 g/mol, obviously depending on the solvent/solute
combination.



Table 2.3 Overview of widely used commercial NF membranes for aqueous and solvent applications.

Aqueous NF applications

Specifically used MgSO, rejection Water permeance
Type Manufacturer Chemistry in/for removal of (2000 ppm) or permeability
NF90 FILMTEC™ Polyamide (MPD) Salts, nitrates, iron, and organic 97% 8.71/m? h bar
compounds
NF270 FILMTEC Polyamide (PIP) Total organic carbon (TOC) and >97% 10.41/m? h bar
trihalomethanes (THMs)
SR90 FILMTEC Polyamide (PIP) Sulfates n.s. n.s.
NF200 FILMTEC Polyamide (PIP) TOC, medium hardness removal n.s. n.s.
NF245 FILMTEC Polyamide (PIP) Organics, variable degree of 99% 9.9-13.61/m? h bar
monovalent salts
TNF, TMNF Toray Polyamide (PIP) Lactose, organic molecules ns. ns.
TS40 TriSep Polyamide (PIP) Divalent ions 99% 4.41/m? hbar
TS80 TriSep Polyamide-TFC Divalent ions 99% 4.541/m? hbar
SB90 TriSep Cellulose ns. 97% 3.311/m? hbar
acetate/triacetate
blend
XN45 TriSep Polyamide (PIP) Divalent salts 95% 7.931/m? hbar
DK GE Osmonics Polyamide (PIP) Divalent salts, dyes 96% 11.51/h bar
Duracid GE Osmonics Polyamide-TFC Divalent salts 98% 0.99-2.101/m?> h bar
DL, HL, CK GE Osmonics Polyamide-TFC Divalent salts 94-98% 3.24-9.731/m? hbar
VNF1 Vontron Polyamide TOC >96% 5.71/m? h bar
NES Synder Polyamide Sulfates 99.5% 51-681/m* h




Table 2.3 (Continued)

Aqueous NF applications

Specifically used

MgSO, rejection

Water permeance

Type Manufacturer Chemistry in/for removal of (2000 ppm) or permeability
NFX Synder Polyamide Sulfates, concentration of lactose, 99% 4.49-5.491/m? h bar
and dyes
NFG Synder Polyamide Dairy industry 50% 12.48-13.601/m? h bar
Inopor®nano Inopor Ceramic TiO, Salts, dyes, organics MWCO of 200 g/mol ns.
NP010 Microdyn Nadir PES Acid and caustic environments 35-75% (Na,SO,) >51/m? hbar
NP030 Microdyn Nadir PES Acid and caustic environments 35-75% (Na,SO,) >11/m? hbar
OSN/SRNF applications
Type Manufacturer Chemistry Resistant in Rejection Solvent flux
Puramem Evonik Polyimide (P84) Alcohols, aliphatic hydrocarbons, 90% for 280 g/mol 181/m? h toluene at
aromatic hydrocarbons, butyl styrene in toluene 30 barg
acetate, ethyl acetate,
methyl-ethyl-ketone,
methyl-tert-butyl-ether
Duramem150 Evonik Modified polyimide Typel: acetone, tetrahydrofuran, 90% for 150 g/mol ns.
(P84) methanol, ethanol, styrene in toluene

methyl-tert-butyl-ether,
methyl-ethyl-letone,
methyl-isobutyl-ketone, butyl
acetate, ethyl acetate

Type2: dimethylformamide,
dimethylsulfoxide,
N-methylpyrrolidone



oNEF-2

NF030306

NF010206

NF010306

NF300705

NF070706

PEEK-Sep™
PEEKS5,20 100
PVDF20,100

Borsig GmbH

Solsep BV

Solsep BV

SolSep BV

SolSep BV

SolSep BV

Porogen (air liquide)
Novamem™

Novamem

Silicone
polymer-based
composite type

Silicone-based
polymer

n.s.

n.s

PEEK
PEEK
PVDF

Alkanes, aromatics, alcohols,
ethers, ketones, esters

Alcohols, esters, ketones,
aromatics, chlorinated solvents,
reducing atmosphere, THE,
aldehydes, crude alkanes,
petroleum ethers

Aldehydes, ketones, crude
alkanes, acetone, (m)ethanol,
IPA, hexane, petroleum ether,
ethyl acetate, MEK,
methylbenzol, methylchloride,
chlorobenzol, tetrachloroethylene

Aldehydes, ketones, crude
alkanes, acetone, (m)ethanol,
IPA, hexane, petroleum ether,
ethyl acetate, MEK,
methylbenzol, methylchloride,

Alcohols

Aromatics and alkanes (e.g.
toluene, hexane, heptane)

n.s.
n.s.

n.s.

350 g/mol

99+% for 500 g/mol dye
in ethanol

90% for 300 g/mol FA
in acetone

99+% for 500 g/mol dye
in ethanol

95+% for 500 g/mol dye
in ethanol

90+% for 250 g/mol
sterols in heptane

n.s.
n.s.

n.s.

n.s.

~21/m? h bar acetone

(T'=20°C)

~51/m? hbar acetone
(T=80°C)

~21/m? hbar veg. Oil
(T =140°C)

ns

~21/m? h bar acetone

(T=20°C)
~21/m? hbar veg. Oil
(T'=140°C)

~21/m? h bar hexane
(T=20°C)
0.2-0.41/m? hbar
heptane

~11/m? hbar toluene
(T'=20°C)

~11/m? hbar heptane
n.s.

n.s.

n.s.

n.s.: not specified by manufacturer.
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2.8.2 Novel (SR)NF Membranes

Besides tuning membrane performance through the use of novel monomers,
additives or by changing reaction conditions or post-treatment steps, as dis-
cussed before for both ceramic and polymeric membranes, new generations
of NF membranes are getting increased attention. Especially in the field of
polymeric membranes, disruptive findings have been reported.

Th embedding of (porous) nanoparticles in the thin PA top layer of thin film
nanocomposite (TFN) membranes, giving rise to the so-called TEN membranes,
has gained a lot of attention lately. Tremendous increases in permeance are
observed, with no or only slight losses in rejection. The exact functioning of these
membranes is however poorly understood, demonstrated by large variations
in final membrane performance as a function of the incorporated amount of
filler. It is speculated that the high water permeances are not only caused by
low-resistant flow paths through the embedded porous NPs but also by intrinsic
variations in the polymer structure because of the presence of the NPs during
synthesis [199]. Examples of embedded NPs are ZIFs, MOFs, PIMs, zeolites,
carbon (quantum) dots, COFs, graphene oxide, and silica NPs.

Th incorporation of aquaporin, a biological membrane protein, into polymeric
membranes has also been proposed as a new pathway to overcome the conven-
tional permeability—selectivity trade-off. Aquaporin is intrinsically highly per-
meable to water and is also able to selectively reject ions, protons, and neutral
solutes. One major challenge is to synthesize defect-free membranes and to over-
come both membrane and protein stability [6, 200]. CNTs and other synthetic
nanochannels, such as m-phenylene ethynylene or peptide nanotubes [201, 202]
or cyclic macromolecules [203], have also been explored for NF and RO pur-
poses as they can be functionalized for specific separations and the diameter
of the channels can be customized. Even though these materials have demon-
strated excellent separation capabilities, both through experiments and model-
ing, scale-up is still a major hurdle [200].

Novel nonpolyamide polymers for NF have also been explored. Narrow
pore size distribution can be achieved through equilibrium self-assembly of
lyotropic or thermotropic liquid crystalline mesophases [204] or through
block copolymers [205]. Separations through liquid crystalline mesophasic
membranes currently already fall into the NF range [200] and block copoly-
mers also represent a scalable alternative to conventional NF membranes
as they can be synthesized through phase inversion. However, elucidating
the structure—property—performance relationships of these membranes is of
paramount importance for large-scale manufacturing [205]. The use of epox-
ides as a novel reagent for IP has also been reported. The resulting loose NF
membrane with a poly(epoxyether) top layer is chlorine and acid-resistant and
has enormous tuning possibilities [206]. Coordination between tannic acid, a
polyphenol, and Fe(III) can rapidly form a thin film on PES, resulting in a green
TFC membrane, which is able to selectively reject endocrine-disruptive com-
pounds and divalent salts [207]. N-methyl-d-glucamine-assisted polydopamine
coating of a PES support membrane resulted in high water fluxes, high dye
and divalent salt rejection, and high monovalent salt permeation. Furthermore,
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chemical stability in acid and caustic conditions makes this membrane an
attractive alternative for polyamide-based NF membranes [208].

An overview of reported polymers for phase inversion and reported monomers
for IP used for OSN/SRNF applications is given in [187]. Solvent-resistant mixed
matrix and TFN membranes can also be used in this field but are not (yet)
commercialized. Recent advances with respect to novel SRNF membranes are
mainly based on cross-linking existing polymers or the use of completely new
chemistries. Th alkyne functionalization of porous polyoxindolebiphenylene,
polytriazole, and polybenzimidazole membranes, for example, allows full stability
in DMF, even at 140 °C, although the performance is currently still in the UF
range [209]. Examples of novel chemistries for IP are the reaction between tannic
acid or morin hydrate and TPC on cross-linked PAN, resulting in NMP-resistant
membranes [210, 211], or between catechin and TPC on a cellulose substrate,
resulting in fully bio-derived TFC membranes stable in DMF over 30 days [212].
Th coating of a microfiltration membrane with ultrathin layers of solvated
reduced GO allowed ultrafast acetone transport (215 1/m? h bar), while achieving
rejection in the NF range. Stability in methanol and ethanol, as well as in oxi-
dizing, alkaline, and acidic media, was also achieved [213]. In a similar manner,
highly laminated GO membranes outperformed state-of-the-art polymeric
membranes with regard to methanol permeance and dye rejection [214].

2.9 Outlook

NF technology has become a state-of-the art process for separations at indus-
trial level. RO membranes reject almost all solutes, except for a few small
neutral organics (e.g. 1,4-dioxanes and N-nitrosodimethylamine), while the
rejection of NF membranes is depending on the characteristics of the solute
(size, charge, charge density, etc.). In theory, this allows NF membranes to be
tailor-made for a specific application; however, the lack of knowledge of the
structure—property—performance of the membrane is still the limiting factor to
achieve the full potential of NF. Research should therefore focus on the nano-
and molecular control of materials to achieve stronger correlations between
synthesis conditions and membrane performance. Additionally, a membrane
separation process is traditionally seen as the removal of compound X from
solvent Y. However, the selective permeation of one solute over another, which
requires development of membranes with very narrow MWCO curves, would
further open up the application potential of (SR)NF.

As for SRNE, its potential in the chemical, food, and pharmaceutical industry
is enormous and is steadily getting more attention. As this field has been entered
much more recently than the aqueous, many improvements in terms of mem-
brane selectivity and (long-term) stability, as well as solvent permeance can still
be made. Obviously, this field is much more complex because each solvent has
its own specific interactions with a given solute and membrane material. This
tremendously increases the level of complexity and the difficulty to fully grasp
membrane structure—performance relationships as compared to aqueous appli-
cations, which take place in only one, well-understood “solvent.”
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Even though many new materials have emerged as possible candidates for
(SR)NF applications, their difficult and expensive large-scale synthesis is limiting
scale-up. Better understanding the pitfalls that prevent defect-free membrane
synthesis at large scale is therefore mandatory to transfer these technologies
from academia to industry. In the same regard, more attention should be focused
on module and process design, as, in the end, the membrane itself is only one
part of an even more complex overall process.
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Abbreviations

AEPPS aminoethyl piperazine propane sulfonate

ALD atomic layer deposition

BHTTM 2-2’-bis(1-hydroxyl-1-trifluoromethyl-2,2,2-
trifuoroethyl)-4—4/-methylenedianiline

CA cellulose acetate

CFIC 5-chloroformyloxyisophthaloyl chloride

CHMA 1,3-cyclohexanebis(methylamine)

CPDA 2-chloro-p-phenylenediamine

DABA 3,5-diamino-N-(4-aminophenyl) benzamide

DGDE diethylene glycol diethyl ether

DMF dimethylformamide

DMSO dimethylsulfoxide

EB electron beam

HTC cyclohexane-1,3,5-tricarbonyl chloride

ICIC 5-isocyanatoisophthaloyl chloride

P interfacial polymerization

IPA isopropanol

IPC isophthaloyl chloride

LbL layer by layer

MDEOA methyl-diethanolamine

mm-BTEC 3,3',5,5'-biphenyl tetraacyl chloride

M-m-PDA 4-methyl-meta-phenylenediamine

m-PDA meta-phenylenediamine

M-p-DPA 2-methyl-para-phenylenediamine
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MWCO
NF
NMP

N,N'-DMMPD

NTSC
0-PDA
PA
PAH
PAN
PBI
PEEK
PEG
PEI
PEI-g-SBMA
PES
PHGH
PI
PIM

SPES-NH2
SRNF
TEA
TEOA
THEF
THM
TEC
TMC
TOC
TPC
UF
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molecular weight cut-off
nanofiltration

N-methylpyrrolidone
N,N'-dimethyl-m-phenylenediamine
naphthalene-1,3,6,-trisulfonyl chloride
ortho-phenylenediamine

polyamide

polyamide hydrazide

polyacrylonitrile

poly(benzimidazole)

poly(ether ether ketone)

polyethylene glycol

polyethyleneimine
polyethyleneimine-g-sulfobetaine methacrylate
polyethersulfone

polyhexamethylene guanidine hydrochloride
polyimide

polymer of intrinsic microporosity
piperazine

para-phenylenediamine

polysulfone
poly(1-trimethylsilyl-1-propyne)
polyvinylamine

poly(vinylidene fluoride)
polyvinylpyrrolidone

reverse 0smosis

sulfonated cardo poly(arylene ether sulfone)
solvent-resistant nanofiltration
triethylamine

triethanolamine

tetrahydrofuran

trihalomethane

thin film composite

trimesoylchloride

total organic carbon

terephthaloyl chloride

ultrafiltration
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