Volume 2 | Number 1 | January 2016 | Pages 1-234

Environmental

Science
Water Research & Technology

rsc.li/es-water

ISSN 2053-1400

ROYAL SOCIETY TUTORIAL REVIEW
OF CHEMISTRY Anna Lee, Seth B. Darling et al.
Membrane materials for water purification: design, development,

and application

YEARS



Published on 09 September 2015. Downloaded on 6/20/2022 7:05:17 PM.

Environmental
Science

Water Research & Technology

TUTORIAL REVIEW

ROYAL SOCIETY

OF CHEMISTRY

View Article Online
View Journal | View Issue

CrossMark
& click for updates

Cite this: Environ. Sci.: Water Res.
Technol.,, 2016, 2, 17

Membrane materials for water purification: design,
development, and application
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Water purification for human use, ecosystem management, agriculture, and industry is emerging as a

leading global priority. Access to sufficient clean water ultimately requires improvements over the current

state of water filtration technology. Membrane technologies for water purification have been actively
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pursued for decades, but with recent innovation of both analytical and fabrication tools, more advanced
membrane technologies are surfacing. Here, we review the design, development, and application of new
membrane materials, fabrication methods for controlling the filtration size regime, analytical tools for

performance testing, and molecular modeling for transport and separation. Membrane chemical stability,

rsc.li/es-water

Water impact

fouling, and environmental impact as open questions are also presented.

Purifying water using today's technology is expensive and energy-intensive; there is a pressing need for new research to identify novel approaches to purify

water at lower cost, using less energy, and—importantly—minimizing environmental impact. Membrane technologies, in particular, have proven viable in
water purification with decades of productive use. Membrane processes have distinct advantages, including high water quality with easy maintenance, sta-
tionary parts with compact modular construction, low chemical sludge effluent, and excellent separation efficiency. With recent innovation of both analyti-
cal and fabrication tools, more advanced membrane technologies are surfacing in a multitude of water purification applications.

1. Introduction

Increasing demand for and shortage of clean water as a result
of rapid urbanization, population growth, misuse, and cli-
mate disruption have become unprecedented urgent global
issues. Nearly two in ten people in the world do not have
access to safe drinking water, and according to the World
Health Organization, 3900 children die every day due to dis-
eases communicated by unsafe water or poor hygiene.
According to the U.N. World Water Development Report, this
troubling predicament is projected to worsen substantially by
2050, when at least a quarter of the people on Earth will live
in a country suffering from chronic or recurring freshwater
shortages." Statistics such as these are likely to worsen fur-
ther as water contamination from waterborne pathogens and
discharge of pollutants (e.g. heavy metals, arsenic, pharma-
ceutical derivatives, agricultural chemicals, endocrine dis-
rupters) increases.” Beyond direct human consumption and
use, water for agriculture and irrigation accounts for
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approximately 70% of fresh water use globally, reaching as
much as 90% in some industrialized nations. Ever-increasing
water scarcity directly threatens an already strained global
food supply. Moreover, compounding existing geopolitical
pressures, lack of access to water can foster regional conflicts
that threaten global peace and stability.

Our planet does not have a water shortage. The world's
oceans are vast, and bodies of fresh water are essentially as

Anna Lee received her Ph.D.
from the University of Toronto
in materials chemistry in 2012
and she is currently a postdoc-
toral fellow at Argonne National
Laboratory. Her research activi-
ties focus on developing new
materials and methods by con-
trolling molecules and nanoscale
materials. Anna is interested to
learn physicochemical properties
of such structures and to utilize
this knowledge to solve real-
world problems in sustainable
energy, water remediation, sensing, and energy storage.

Environ. Sci.: Water Res. Technol,, 2016, 2, 17-42 | 17


http://crossmark.crossref.org/dialog/?doi=10.1039/c5ew00159e&domain=pdf&date_stamp=2016-01-15
https://doi.org/10.1039/c5ew00159e
https://pubs.rsc.org/en/journals/journal/EW
https://pubs.rsc.org/en/journals/journal/EW?issueid=EW002001

Published on 09 September 2015. Downloaded on 6/20/2022 7:05:17 PM.

Tutorial review

voluminous as they have been throughout human history.
We as a society are contaminating and misusing our precious
fresh water resources. Purifying water using today's technol-
ogy is expensive and energy-intensive; there is a pressing
need for new research to identify novel approaches to purify
water at lower cost, using less energy, and—importantly—
minimizing the impact on the environment. Membrane tech-
nologies, in particular, have proven viable in water purifica-
tion with decades of productive use. Membrane processes
have distinct advantages, including high water quality with
easy maintenance, stationary parts with compact modular
construction, low chemical sludge effluent, and excellent sepa-
ration efficiency. With recent innovation of both analytical
and fabrication tools, more advanced membrane technologies
are surfacing in a multitude of water purification applications.
In this review, recent progress in membrane science and
technologies for water purification is presented. Topics
include design, development, and application of water filters
with a specific emphasis on emerging new membrane mate-
rials. To provide sufficient background for readers, we further
discuss fabrication methods for controlling the filtration size
regime, analytical tools for performance testing, and molecu-
lar modeling for transport and separation. Membrane chemi-
cal stability, fouling, and environmental impact as open
questions are also presented. Desalination and related tech-
nologies including reverse osmosis and thermal distillation,
though of central importance in addressing water scarcity,
are beyond the scope of this review; readers are directed to
several excellent reviews on this topic in the literature.*™

2. Classes of membranes

A membrane is a thin physical interface that moderates cer-
tain species to pass through depending on their physical
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and/or chemical properties. In general, there are two classes
of membranes (often defined as cross-section): isotropic and
anisotropic membranes as shown in Fig. 1.

Isotropic membranes are chemically homogenous in com-
position. Examples include microporous membranes,
nonporous dense films, and electrically charged mem-
branes.'® Porous membranes generally separate solutes based
on the size of particulate and the size of pore. Microporous
membranes are similar to a conventional filter, but the pore
diameter typically ranges from 0.1-5 pm (conventional filters
are used for particles larger than 1-10 um in size, so their
pore diameter is typically larger than 5 pm). Microporous
membranes are often polymer-based track-etched (nonporous
polymeric films are irradiated with heavy ions to form tracks
through the film), phase inversion (controlled transformation
from a homogeneous polymeric solution to a solid state
induced by immersion precipitation), or stretched polymer
films (solvent-free technique whereby polymers are heated
above the melting point and extruded into thin films
followed by stretching techniques) (Fig. 2)."* In the case of
nonporous dense films, transport of permeants is due to dif-
fusion driven by an applied force such as pressure, concen-
tration, or electric-field gradients. Therefore, the separation
of solutes is governed by their relative transport rates. Electri-
cally charged membranes can be either nonporous dense
films or microporous structures consisting of positively or
negatively charged ions decorated on the membrane walls
(known as anion-exchange or cation-exchange membranes,
respectively). Separation of solutes is primary achieved by
analyte ion concentration and charge exclusion (i.e., solute
with the same charge as the ions on the membrane walls is
rejected by Coulombic repulsion).*”

There are two main types of anisotropic membranes:
phase-separation membranes (Loeb-Sourirajan membranes)
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Fig. 1 Schematic illustration of various classes of membranes.
Isotropic membranes have chemically homogenous composition
whereas anisotropic membranes are heterogeneous both chemically
and structurally.

Fig. 2 Cross-sectional SEM images of (A) track-etched cylindrical,
non-parallel pore channels of polycarbonate and (B) polypropylene
track-etched membrane with slightly conical parallel pores. Reprinted
from ref. 12 Copyright (2001), with permission from Elsevier. (C)
Polyester-g-methoxyl polyethylene glycol (HPE-g-MPEG) blended with
poly vinylidene fluoride (PVDF) membrane via phase inversion process.
Reprinted from ref. 13 Copyright (2008), with permission from Elsevier.
(D) SEM image of the surface of two polypropylenes (PP28 and PP08)
having 10 wt% PP08 and both cold and hot stretched. Reprinted from
ref. 14 Copyright (2008), with permission from Elsevier.

and composite membranes such as thin-film, coated films,
and self-assembled structures. Loeb-Sourirajan membranes
are homogenous in chemical composition similar to isotropic
microporous membranes, but pore sizes and porosity (cf 5.2)
vary across the membrane thickness. Development of such
anisotropic membranes in the early 1960s represented a
major breakthrough in the field of membrane technology.'
Composite membranes such as thin-film membranes are

This journal is © The Royal Society of Chemistry 2016
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chemically and structurally heterogeneous. A thin surface
layer is supported by a much thicker porous structure (func-
tioning as a mechanical support), and these structures are
traditionally made of different polymeric materials. This class
of membranes, prepared by methods such as interfacial poly-
merization, solution coating, and plasma polymerization,
have been established for various filtration processes as
shown in ¢f. 3. The separation of solutes and permeation
rates of the membrane are exclusively determined by the thin
surface layer, which results in a high flux. Typical polymeric
materials for industrially established filtration membranes
include cellulose acetates, polyacrylonitrile, polyetherimides,
polyethersulfones, polyamide, polycarbonates, cross-linked
polyether, polypropylene, and polyvinylidenefluoride (see
more details on polymeric membranes in ¢f. 4.2 and other
materials in cf, 4).*°

3. Membrane size regimes

Water treatment processes employ several types of mem-
branes based on their pore sizes: reverse osmosis (RO), nano-
filtration (NF), ultrafiltration (UF), microfiltration (MF), and
particle filtration. Fig. 3 summarizes various membrane fil-
tration processes relative to common materials that would be
filtered out through each process.

UF and MF follow a similar process in that the mode of
separation is particle sieving through membrane pores. MF
membranes have larger pore sizes (approx. 0.1-5 pum) and
typically reject particles, asbestos, and various cellular mate-
rials such as red blood cells and bacteria from 0.1-10 um in
diameter. UF membranes have smaller pores (approx. 0.01-
0.1 pm) than MF membranes such that, in addition to filter-
ing out large particles and microorganisms, they can filter
dissolved bio-macromolecules, such as pyrogens, proteins,
and viruses (sizes ranging from 0.01-0.2 um). UF has various
applications in wastewater treatment, water remediation,
recovery of surfactants in industrial cleaning, food process-
ing, protein separation, gene engineering, and beyond."’
Commonly, particle sizes are characterized by their molecular
weight cut-off (MWCO), a concept introduced by Amicon Cor-
poration in the 1960s. MWCO value is defined by rejection of
organic solutes (90% rejection by the membrane), and the
particle retention is evaluated by converting MWCO to the
membrane pore size.'® Table 1 shows the relation between
MWCO and pore sizes for UF processes. A general guideline
for designing UF membranes is that the MWCO must be
about half of the lowest molecular weight species to be
retained. As a more direct, quantitative means, monodisperse
nanoparticles were also recently used to determine pore size
distributions of a variety of UF membranes."®

In general, UF membranes are fashioned in an anisotropic
Loeb-Sourirajan structure. The first UF membranes were
made of nitro cellulose in the early 1900s.>° A key break-
through in this field was the development of anisotropic
membranes made of cellulose acetate in the 1960s, and UF
application of these membranes was realized in the 1970s."
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Fig. 3 Schematic illustration of membrane filtration spectrum.
Reverse osmosis, nanofiltration, ultrafiltration, microfiltration, and
conventional particle filtration differ principally in the average pore
diameter of the membranes. Reverse osmosis membranes are so
dense that the pores are considered as non-porous.

Table 1 Relation between molecular weight cut off (MWCO) and pore
size for ultrafiltration (UF)

MWCO [Daltons] [nm]
1000000 100
500000 20
100 000 10
50000 4.0
10000 2.5
5000 1.5

Cellulose derivatives, inorganic materials (TiO,, Al,O3, ZrO;,
etc.), and various polymeric species (polyacrylonitrile (PAN),
polysulfone amides (PSA), polyether sulfone (PES),
polyvinylidene fluoride (PVDF), etc.) are typical materials for
UF; the advancement of implementing these membrane
materials will be discussed in later sections (cf:. 4).

NF membranes exhibit performance between RO and UF
membranes. NF membranes are porous and can filter species
ranging from 0.001-0.01 um in size. This includes most
organic molecules, viruses, and a range of salts. Further, NF
membranes can reject divalent ions, so NF is often used to
soften hard water.*"
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In contrast to NF, UF, and MF membranes, RO mem-
branes are so dense that the “pores” are considered as non-
porous (approx. 0.0001-0.001 pm), and they are within the
range of thermal motion of the polymer chains that form the
membrane. Therefore, RO membranes can even filter low-
molecular-weight species such as aqueous inorganic solids
(including salt ions, minerals, and metal ions) and organic
molecules. The accepted mechanism of transport by RO is
via diffusion through statistically distributed free volume
areas. Solutes pass through the membrane by dissolving in
the membrane material and diffusing down a concentration
gradient under applied pressure exerted in excess of osmotic
pressure. Separation occurs because of the difference in solu-
bilities and mobilities of different solutes within the mem-
brane. The most common applications of RO are desalination
of brackish groundwater or seawater and the production of
potable water. This is the subject of several useful reviews in
the literature.>>>>°

4. Membrane materials and processes

The following factors should be considered in order to design
effective membranes: choice of membrane materials, high
water flux, high solute rejection, module configuration,
mechanical/chemical/thermal/temporal  stability,  system
design including processibility at large scale, and operating
conditions for cost-effectiveness. The performance of a mem-
brane is mainly governed by the structure of its pores and
the physical/chemical properties of the material. Intensive
effort has been invested both in exploring new membrane
materials/processes and in modifying traditionally used mate-
rials. Most commonly used commercial NF, UF, and MF
membrane materials are synthetic polymers (such as
polyvinylidene fluoride, polysulfone, polyacrylonitrile and
poly(acrylonitrile)-poly(vinyl chloride) copolymers).®

UF and MF membranes are often prepared from the same
materials, but preparation methods may be different to pro-
duce various pore sizes. Membranes can also be made from
inorganic materials such as ceramics or zeolites. However,
large-scale applications of these inorganic materials are lim-
ited due to high operation cost and inherent mechanical fra-
gility thus far. In the following sections, we survey recently
developed membrane materials, their characteristics, synthe-
sis/fabrication, and relevant analytical methods. Details of
traditional membrane formation and operation processes can
be found in the literature.'®*”>°

4.1. Inorganic membranes

Inorganic membranes have recently received considerable
attention due to their relative thermal, chemical, and
mechanical robustness as well as their reusability and often
photocatalytic ability. In many wastewater treatment applica-
tions, for example, ceramic membranes exhibit greater
fouling-resistance and chemical stability than current poly-
meric membranes. Materials developed recently are typically

This journal is © The Royal Society of Chemistry 2016
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in a nanocrystalline form, and these membranes include
porous ceramics (e.g., AL,O3, TiO,, ZrO,, ZnO, and SiOZY),3°
composites containing two or more materials (e.g., TiO,-SiO,,
TiO,-ZrO,, and Al,0;-SiC), and various nanoparticle compos-
ites (e.g., Ag-TiO,, Zn-CeO,, and zeolites).*"*>

In the case of ceramic membranes, photocatalytic mate-
rials such as TiO, and composites containing TiO, have been
actively studied due to their multi-functionality and wide
applications including remediation of ground water and
wastewater.”**® Along with a separation function, TiO,
offers photocatalytic ability for decomposition of organic spe-
cies/microorganisms/pollutants, photolysis, and super-
hydrophilicity, which reduces unwanted adsorption of
organic/biological species to the membrane surface.*”™** Also,
TiO, is a non-toxic, readily available, and inexpensive
material.

The mechanism of TiO, photocatalysis is based on photo-
induced charge separation on the surface of the oxide. Excel-
lent reviews on TiO, photocatalysis can be found in these ref.
42-45. Briefly, when incoming photon energy (hv) is greater
than or equal to the band-gap energy (E,) of TiO, (3.0 eV and
3.2 eV for rutile and anatase crystal structures, respectively),
an electron (e”) will be photoexcited to the conduction band
(CB) of TiO, leaving an empty unfilled valence band (VB),
resulting in the formation of an electron-hole pair (e -h").
Fig. 4 schematically illustrates degradation of organic com-
pounds, microorganisms, or pollutants by formation of
photo-induced charge carriers (e /h*) on the surface of TiO,
upon hv irradiation.

A series of oxidative/reductive reactions take place on the
surface. Specifically, photo-induced electrons in the CB typi-
cally reductively react with adsorbed O, in air to produce
superoxide radicals (O,’), which are unstable. Similarly, the
photo-induced holes in the VB diffuse to the surface and
likely react with adsorbed water and hydroxyl ions to form
hydroxyl radicals (OH’), which are strong oxidizing agents.

02
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Fig. 4 Schematic illustration showing degradation of organic
compounds, microorganisms, or pollutants by formation of photo-
induced charge carriers (e /h*) on the surface of TiO,. Charge-carrier
pathways are indicated in a solid arrow (alternative pathways are in a
dashed arrow).
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These species (O,” and OH’) react with organics/microorgan-
isms/pollutants adsorbed on the surface of TiO, resulting in
hydroxylation, oxidation, and finally mineralization to carbon
dioxide and water. In general, photocatalytic activities are
governed by various factors such as pH, oxidizing agents,
amount of catalyst/surface coverage, calcination temperature/
crystal structures, doping level/content, and composition of
the membrane materials.

Pioneering work demonstrating separation function along
with photocatalytic activity was published in 2006 and
involved titania prepared via a sol-gel dip-coating method.*®
Since then, the sol-gel method is the most studied technique
due to its versatility and simplicity.*® TiO, is prepared by
hydrolysis of TiO, precursors (e.g., tetra-n-butyl titanate or
tetra-isopropoxide titanium) to form a sol. The TiO, sol is
often used to decorate the surface of commercially available
porous membranes such as AlL,O; or ZrO, through dip-
coating.”*® In addition to the sol-gel technique, various syn-
thetic fabrication methods have been developed: liquid phase
deposition,* hydrothermal synthesis for freestanding or
grafted TiO, nanowires,””>" anodization for nanotube forma-
tion from Ti foil,>®* chemical vapor deposition, and sputter
methods (Fig. 5).>%%°*

Two of the most extensively studied application areas of
photocatalytic materials are disinfection (E. coli bacteria is
the most common model system studied as shown in
Fig. 6A-D).>>*>°® and removal of targeted organic pollutants
(e.g., methyl orange, methylene blue, Rhodamine B, humic
acid, phenol, aniline, benzylamine).>”**

The efficiency of the photocatalytic membrane system is
measured by the degradation rate of the targeted pollutants

Fig. 5 (A-B) TEM images of nanostructured TiO, via sol-gel method.
Reprinted from ref. 47 Copyright (2007), with permission from Elsevier.
(C-D) SEM images of TiO, nanotubes via anodization showing top and
cross-sectional views, respectively. The scale bar corresponds to 1 um.
Reprinted with permission from ref. 52 Copyright (2007) American
Chemical Society. (E-H) TEM images showing components of a hierar-
chical layer of a TiO, nanowire membrane. TNW;o and TNW;, refer to
TiO, nanowires with 10 nm and 20 nm diameters. The TNWyo layer
serves as the functional layer while the TNW;,o layer is laid as the
supporting layer shown in schematic (G), and photograph of the TiO,
nanowire membrane is shown in (H). Reprinted with permission from
ref. 50. Copyright (2009) John Wiley and Sons.
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Fig. 6 (A) Titanate nanotube membrane (TNM) performance with a
permeability of 608 L m~2 h™* at 1 bar (initial concentration of E. coli
~4 x 10® CFU mL™). (B) and (C) Fluorescent microscopic images of E.
coli feed (shown in green) and permeate, respectively. Complete E.
coli removal (i.e., 100% retention) was observed (D) SEM image of
retained E. coli on the TNM after filtration (low magnification) and inset
shows a high magnification SEM image. Reprinted from ref. 55
Copyright (2009), with permission from Elsevier. (E-F) Optical images
of SiO,-TiO, composite porous nanofibrous membrane (STPNM-6)
showing flexibility and ease of cutting. (G) Breakthrough curves for
permeation of methylene blue (MB) solutions through the STPNM-6
with various fluxes. UV-vis spectra of the MB solution and purified
water are shown with the corresponding digital photographs in inset
(H) cyclic test of STPNM-6 with a flux of 5 mL h™. Optical images of
STPNM-6 before use (left), used (middle) and after calcination (right),
respectively, are shown in insets. Reproduced from ref. 62 with per-
mission from The Royal Society of Chemistry.

and the membrane flux. TiO, nanoparticles deposited on the
surface of an Al,O; membrane by a layer-by-layer chemical
vapor deposition method showed efficient photocatalytic deg-
radation of azo-dye pollutant and high water permeability in
a continuous flow process.*> A Ti0O,-SiO, composite mem-
brane (Al,O; as a substrate; TiO, sol as an intermediate layer;
TiO,-SiO, as a membrane top layer) exhibited enhanced pol-
lutant removal efficiency by coupling the separation and
photocatalytic activity; removal efficiency was improved up to
94% compared to 63% and 60% for independent photo-
catalysis and separation processes, respectively (methyl
orange dye removal efficiency was determined after 60 min of
UV irradiation).®> Moreover, the common concern of fragility
associated with inorganic ceramic membranes can be over-
come. Wen et al. reported flexible TiO,-SiO, composite nano-
fibrous membranes obtained via electrospinning.®> The
nanofibrous composite membrane is flexible, can be easily
cut, and also showed fast water-spreading (i.e., hydrophilicity)
(Fig. 6E-H).

Photocatalytic activity of TiO, membranes with various
morphologies can generally only be activated by irradiation
with UV light. Sunlight, however, contains only 2-3% UV
light, and strong UV irradiation of a few W cm™ is
required in order to induce sufficient charge carriers. Fur-
ther, typical interior room light contains UV light inten-
sity of only a few uW cm™ thereby necessitating external
UV power in order to achieve usable activity. Exploita-
tion of solar energy instead of UV light sources would

22 | Environ. Sci.: Water Res. Technol,, 2016, 2, 17-42
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dramatically reduce energy consumption and facilitate off-
grid applications.

In order to have more efficient utilization of photo-
catalytically driven devices including membranes, recently
many studies have been conducted to increase the sensitivity
of the devices by broadening the solar absorption bands into
the visible-light range.®* Typically, absorption shifting can be
achieved by doping TiO, with metal (e.g., Fe, Cr, Co, Mn, V,
Mo), nonmetal (e.g., N, F, S, B, or various carbon materials),
or introducing more than one dopant (e.g., N-doped TiO, can
be further modified with various metal species).®> An over-
view of underlying mechanisms, design, and development of
visible-light-active photocatalysts used in many different
fields including environmental applications is provided in
previous reviews.’>®"® Recently, a few examples of visible-
light-active membrane studies have been reported. Core
(TiO,)-shell (carbonaceous-type) nanoparticles (visible light
absorption up to 2.19 eV) synthesized via a sol-gel dip-
coating method on Al,O; membranes were incorporated in a
water purification photocatalytic reactor shown in Fig. 7A.7°

The reactor was operated in a continuous-flow filtration
mode (¢f 5.1 for classification of filtration mode) and was
tested for photocatalytic degradation of azo-dyes (methyl
orange and methylene blue in this case). Results showed an
increase of water permeability. This improvement was attrib-
uted to the photo-induced hydrophilicity effect of the mem-
brane under solar illumination serving as the only energy
input without significant fouling problems. Recently, carbon-
based nanostructured materials like graphene oxide received
much attention due to their large surface area, flexible struc-
ture, excellent charge-carrier mobility, and good electrical
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Fig. 7 (A) Schematic of the photocatalytic membrane reactor cell
showing its basic components (left), cross section of the membrane
unit cell indicating the flow paths of the polluted water stream
(middle), and the membrane performance (right). Reprinted from ref.
70 Copyright (2014), with permission from Elsevier. (B) UV-VIS absorp-
tion spectra of N, C co-doping (red, N-P123- TiO,-450) and N, C, Ce
co-doped TiO, (blue, N-Ce-P123 TiO,-450). Photo-induced degrada-
tion of methyl orange under visible light is shown (right). Reproduced
from ref. 71 with permission from The Royal Society of Chemistry.
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and thermal conductivities’”* (see more examples in later
section). Graphene-containing  composite materials
(graphene/TiO,) also have been recently developed as photo-
catalysts for the treatment of pollutants and prevention of
microorganisms in water and air.”* An UF composite mem-
brane containing graphene oxide sheets decorated with TiO,
that is deposited into UF mono-channel monoliths using a
dip-coating method was developed for photocatalytic/UF
water treatment.”> The composite membrane showed photo-
catalytic activity (removal of organic dye) under UV as well
as visible light due to the charge-transfer effect as the gra-
phitic surface is coupled to the surface of the photocatalyst.
C, N, and Ce co-doped TiO, membranes (cut-off molecular
weight of 3300 Da with narrowing the bandgap from 2.14 eV
from 2.65 eV) via a sol-gel method showed an improved
photocatalytic activity under visible light (Fig. 6B).”"
Improved photocatlytic activity is due to co-doping of nitro-
gen and carbon resulting in narrowing of the band gap of
TiO, and, therefore, enhanced visible light absorption; more-
over, cerium doping provided electron trap sites for the
reaction.

Multifunctional photocatalytic membranes have shown
promise in addressing biofouling, which is one of the major
hurdles in both water purification research and the water
treatment industry. For example, mixed-phase particles
consisting of both rutile and anatase TiO,-coated ZrO,
ceramic membrane discs (47 mm in diameter, 2.5 mm in
thickness, supporting layer consisting of Al,0;-TiO,-ZrO,,
ZrO, being an active layer with 0.01 um pore diameter with a
water flow rate of 450-600 L h™ m™ at 1 bar) showed a
reduction of bacterial cell (Pseudomonas putida) attachment
(as compared to a control system - no TiO, coating and
dark), an initial stage of biofilm formation, and increase of
cell kill on the membrane surface.”” Building from this, the
same group studied the effect of fouling caused by biofilm
formation over a 10 day period. As shown in Fig. 8A and B,
mixed-phase TiO, particles coated on UF ZrO, ceramic mem-
branes exhibit biofouling resistance and, therefore, suffer
less from water-flux decline as compared to a control system
(bare ceramic membranes).”®

Aside from the most commonly used commercial ceramic
materials (TiO,, ZrO,, and Al,O;; these membranes are
mainly used in MF and UF processes), recent studies were
carried out using a SiC membrane support. Examples include
coating, drying, and calcination of a boehmite sol to produce
y-Al,O3; nanocrystals onto SiC membranes showing a reduc-
tion of defect density on the SiC membrane surface’® and
one-step production of SiC membranes by pyrolysis of allyl-
hydrido polycarbosilane in the presence of o-SiC particles to
address chemical stability and cost issues associated with SiC
UF membranes.””

With the advancement of nanoscience and technology,
applications of inorganic nanoparticles (NPs) for water purifi-
cation and remediation have progressed rapidly.®*®* various
NPs such as gold, silver, copper, and core-shell nano-
composites offer preferential adsorption to heavy metals (e.g.,

This journal is © The Royal Society of Chemistry 2016
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Fig. 8 (A) Comparison of live (green) and dead (red) cell volume in
biofilms formed on zirconia (ZrO,) ceramic membranes after 10 days
of exposure to cell culture. P25 is a sample name for mixed-phased
TiO, particles coated on ZrO, membranes. (B) Average flux decline of
membranes after 10 days of biofilm growth. Reprinted from ref. 76
Copyright (2014), with permission from Elsevier. (C) Scheme and
photograph of a multifunctional (filtration and solar photocatalytic dis-
infection/degradation) Ag/TiO, nanofiber membrane. SEM images of
bareTiO, fibers and Ag NP decorated TiO, fibers. Reprinted from ref.
56 Copyright (2012), with permission from Elsevier.

arsenic, mercury, lead, chromium, and cadmium), disinfec-
tion (e.g., Dbiological toxins including waterborne
pathogens),*>*># and degradation of pollutants as seen with
the photocatalytic membranes discussed above. Typical NPs
are metal oxide species such as magnesium oxide (MgO), iron
oxides (Fe;0,), aluminum oxide (Al,0;), and titanium oxide
(TiO,).>*>8%% gilver NPs have been frequently used in mem-
brane development (generally decorated on membrane sur-
faces cf. Fig. 14) because of their antibacterial properties and

their ability to reduce bio-film adhesion.”’™>® Ag NPs
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Fig. 9 Graphene oxide (GO) membrane (A) water, ions, and
molecules, which are smaller than the void spacing between stacked
GO nanosheets permeate superfast in the GO membrane (B)
nanochannel size can be tuned for different separation applications (C)
various methods for the synthesis of GO membranes. Reprinted from
ref. 100 Copyright (2014), with permission from The American
Association for the Advancement of Science.
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Fig. 10 Chemical structures of commonly used polymeric membrane
materials: Cellulose acetate (CA), polysulfone (PSU), polyethersulfone
(PES), polyimide (PI), polyacrylonitrile (PAN), poly vinyl alcohol (PVA),
polytetrafluoroethylene (PTFE), polypropylene (PP), and polyvinylidene
fluoride (PVDF).
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Fig. 11 Current trends in the field of organic membrane materials to
develop next-generation membrane materials.
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Fig. 12 Schematic illustrations of PES/Pluronic F127 membrane
formation process. (A) Initially there is a homogenous casting solution.
(B) Immersion of the film in water leads to phase separation and
formation of ordered structures containing pores. (C) Cross-sectional
SEM image of PES/Pluronic F127 membrane. (D) Flux comparison of
PES/Pluronic F127 membrane in three cycles of UF experiment. Bovine
serum albumin (BSA, Mw = 67 kDa) and lysozyme (LYS, Mw = 14 kDa)
were used as model foulants to evaluate antifouling property.
Reprinted from ref. 153 Copyright (2008), with permission from
Elsevier.

encapsulated in positively charged polyethyleneimine on a
UF membrane surface®® and Ag/TiO, nanofiber membranes
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Fig. 13 Self-assembled poly(styrene-block-lactide) block copolymer.
(A) Top view SEM image of perpendicularly oriented polylactide
cylinders via fast solvent (toluene) evaporation. (B) Rejection curve
(filled and open circle) along with the predicted values (solid line). The
rejection increases as solute molecular weight of solute increases from
14 kDa to 100 kDa (>93%). Reprinted with permission from ref. 188
Copyright (2010) American Chemical Society.

(Fig. 8C) showed strong antimicrobial activity (Ag NPs on the
surface of TiO, showed 99.9% E. coli bacteria inactivation
and 80.0% dye degradation under solar irradiation within 30
min).>® Also, Ag NP stacks achieved through a layer-by-layer
dip-coating process showed comparable permeability and
separation performance to commercially available UF mem-
branes.®®> Examples of other NPs used in membrane technol-
ogy are shown in later sections.

Graphene-based materials are one of the most recent
material developments in the field.”>®” Among this class of
materials, graphene oxide (GO) is the most common. GO
nanosheets are hydrophilic due to the presence of oxygen-
containing functional groups (e.g., hydroxyl, carboxyl, car-
bonyl, and epoxy groups). Two-dimensional GO sheets offer
mechanical stability, tunable physicochemical properties,
and well-defined nanometer-scale pores, making them prom-
ising for water filtration applications (especially for NF and
desalination).”®*® When layered in a membrane (Fig. 9),'*° a
permeation channel network is formed for water to migrate
between the sheets. This tortuous path travels preferentially
over nonoxidized (hydrophobic) surfaces that exhibit virtually no
friction for the water molecules as opposed to the hydrophilic
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on the surface

T
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Composite membrane
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Fig. 14 Various types of composite membranes containing
nanomaterials and polymer. Adapted from ref. 198 Copyright (2015),
with permission from Elsevier.
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oxidized regions. Ultrafast ion permeation (=10~ em> s™* for
1 M solution as compare to ~10™> cm” s™* for a typical diffu-
sion coefficient of ions in water) through a micrometer-thick
GO membrane has recently been reported.'® Dip coating
provides a simple fabrication method for GO composite
membranes on a silane-modified ceramic support.'® Silane
modification on ceramic supports (Al,O3) resulted in better
adhesion of GO membranes, which are hydrophilic (desirable
as it reduces the adsorption of undesired organic/biological
molecules on the membrane surfaces and also enhances
water permeability). The separation of water from ethanol/
water mixtures by pervaporation showed a water concentra-
tion enhancement (from 5 wt% to 39.92 wt% at 40 °C), which
indicates promise for small-molecule separation. Another
property of GO nanosheets is electro- and magneto-controlled
ion transport (e.g., KCl, MgCl,, CaCl, and FeCl;).'* It was
observed that the applied electric field can influence ion
migration whereas magnetic fields altered the structure of
nanocapillaries in GO membranes. Also, electric fields can be
used to control the selectivity of ions toward the GO mem-
brane while magnetic fields enhance the ion transport.
Another carbon-based nanomaterial recently adopted in
membrane technology is carbon nanotubes (CNTs). Along
with removal of biological impurities (e.g., bacterial pathogens

View Article Online
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and viruses), CNT-based membranes offer cost-effectiveness,
robustness, size exclusion, and reduction of biofouling.'®**°®
Baek et al. recently demonstrated fast water transport using a
vertically aligned CNT membrane (4.8 nm of pore diameter)
also featuring antimicrobial properties.'®”

It should be noted that GO, CNT-based membranes as
well as boron nitride nanotubes have been actively studied,
especially in the field of desalination, which is beyond the
scope of this review. Readers interested in this topic should
refer to these ref. 96, 106, 108-111. Table 2 summarizes some
of the most recent development of inorganic membranes.

4.2. Organic membranes

Virtually all organic membranes explored to date have been
made of polymeric materials. Although inorganic membranes
are gaining more attention, the majority of membranes are
made of polymeric materials. Polymer materials in general
offer a wide variety of structures and properties. Cellulose
acetate (CA) and cellulose nitrates,"**'® polysulfone
(PSU),"°  polyethersulfone  (PES),"*®  polyacrylonitrile
(PAN),"*""*? polyvinylidene fluoride (PVDF),">>'** polypropyl-
ene (PP), poly vinyl alcohol (PVA), polytetrafluoroethylene
(PTFE), and polyimide (PI) represent the most widely used

Table 2 Recent advanced inorganic membrane materials, their performance, and key features

Membrane Performance
material (L (m* h bar)™) Key features
Microfiltration
TiO, nanowire TiO, nanowire growth via hydrothermal processing photocatalytic under UV degradation of
pharmaceuticals™
Al,03/Zr0, 118-1698 (UF-MF)  Conformal, thickness-controllable coating and pore size reducing via ALD''>
Ultrafiltration
TiO, Max 20 Photocatalysis decomposition of azo-dye pollutant under UV irradiation®
SiC-SiC 0.06 Free and uniform membranes in a single coating procedure nearly defect-free SiC (ref. 79)
Ag NPs 9.5 m* (m? day Ag NP deposition via layer-by-layer method®”
atm)™
Ag/TiO, 5-20 at 1-4 bar 99.9% bacteria inactivation and 80.0% dye degradation under solar irradiation within 30 min (ref. 56)
nanofiber
TiO, 4.05 Visible-light responsive C, N and Ce co-doped TiO, (ref. 71)
TiO, nanowire  12.2 Anti-fouling, anti-bacterial, concurrent separation, and photocatalytic oxidation®
AL O,/SiC 10-3000 at 10 bar  Reduction of defect density on the surface’®
Modified 12 Photocatalytic degradation of azo-dye model modification of TiO, with urea”
TiO,/Al,04

TiO,-Si0,/Al,0; 8.37 at 5 bar
capabilities*?

TiO, nanotube  15-33 Lm > h™*

Nanostructured TiO,-SiO, via sol-gel synthesis multifunctional (photocatalytic and physical separation)

Controllable inner tube diameter of TiO, via liquid-phase deposition grafting time photocatalytic

membrane, pollutant removal (humic acid) under UV®”

Nanofiltration

TiO,-SiO, 2.5, 5.0 and Flexible nanofibrous membranes via electrospinning can be recycled by calcination and chemical and
10.0 ml min™ thermal stability pollutant (dye) adsorption capacity®>

TiO, hollow 122Lm>h™ Hollow fiber fabrication via spinning-sintering method calcination temperature (900 °C) an important

fiber factor for membrane properties Acid Orange 7 (AO7) and raw sewage as pollutants were tested and

90.2% organic removal rate

Graphene

oxide (GO)

Graphene 4molm>h™ Fast ion permeation rate'®*
oxide (GO)

Graphene 21.8

(approximate to 20-60%)°®

This journal is © The Royal Society of Chemistry 2016

114

80-276 Lmh MPa™  One of the first examples of a GO-based membrane 4-10 times higher flux range than commercial NF
cross-linked GO sheets made by layer-by-layer process

115

Ultrathin sheets high retention (>99%) for organic dyes and for ion salts retention rate is moderate
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current (first generation) organic membrane materials
(Fig. 10).*°

PSU and PES are among the most commonly used for UF
and also as supporting substrates for NF and RO processes.
These materials exhibit excellent permeability, selectivity of
permeate, mechanical stability, and chemical resistance. For
example, the glass transition temperature (7,) of PES is 225
°C, and PSU exhibits pH stability and oxidation resistance.'*’
Modification of PES membranes has been summarized in
several recent reviews.'**'>*"'27 For MF applications, PP and
PVDF are the most frequently used materials.'*®

The main drawback of most of these polymeric mem-
branes is their inherent hydrophobicity resulting in a high
fouling tendency, which often leads to higher operation cost,
shorter lifetime, irreproducible separation performance, and
smaller application range. Fouling is primarily caused by
buildup of proteins, organics, inorganics, microorganisms,
and microbial communities on the membrane surface.’*® As
such, the next generation of these membrane materials focus
on an improvement of synthesis/processing to develop novel
polymeric membranes and novel functionality—the current
trends in this field are summarized in Fig. 11.

In general, no single polymeric membrane material men-
tioned above simultaneously exhibits chemical/thermal sta-
bility, oxidation/pH resistance, and mechanical strength.
Significant effort has been directed toward enhancing perme-
ation flux, pollution resistance, operation pressure stability,
and membrane service life. One such method is surface mod-
ification,'®® for example, by making these polymeric mem-
branes hydrophilic. It is generally accepted that increasing
the hydrophilicity of the membrane may reduce fouling
issues because many foulants including proteins and
organics are hydrophobic in nature. There are various
methods to fabricate hydrophilic polymeric membranes.
These include homogeneous blending,"*"™"** plasma
treatment,**™*° surface grafting,"**'*! cross-linking,*>**
gamma ray and UV irradiation,'*>'*® surfactant methods,
surface coatings with hydrophilic polymers,’*” "' and sur-
face segregation methods with amphiphilic block copoly-
mers."*? For example, amphiphilic copolymer (Pluronic F127)
was used as a surface modifier and pore-forming agent to
prepare antifouling polyethersulfone (PES) ultrafiltration
membranes.”>® Fig. 12 illustrates Pluronic F127 in the
membrane-formation process, a cross-sectional SEM image,
and a plot of flux variation during three cycles of UF
experiments.

Similar to Pluronic F127 membrane, polyvinyl chloride
(PVC, one of the most widely used polymer materials for UF
and MF membranes due to its robust mechanical strength,
low-cost, and chemical stability) and polyvinyl formal (PVF)
blends were synthesized by the non-solvent induced phase
separation method. Results showed an increase of hydrophi-
licity (thus enhanced antifouling property) due to the pres-
ence of surface-segregated PVF."*' PVC/PVF membranes
displayed good flux recovery in three cycles (three cycles were
85.5%, 94.8%, and 95.6%, respectively). Incorporation of PVF
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is potentially a low-cost, economic solution for scale-up
production.

Other factors affecting fouling properties include surface
roughness/morphology, pore size, and surface charge.'?"***%7
Rana and Matsuura in their review paper reported extensive
tabulated data for reduction of fouling by increasing the sur-
face hydrophilicity, increasing surface charge, decreasing sur-
face roughness, making biomimetic surfaces, and forming
surface thin-film layers."*® Aside from surface modifications
and novel fabrication techniques mentioned above, another
processing method to improve membrane surface hydrophi-
licity and smoothness is a solvent-induced microswelling
technique. (Higher roughness is thought to exacerbate foul-
ing.) This technique was developed using commercially avail-
able membranes (PSU UF membrane and PVDF UF and MF
membranes). The process is driven by minimization of inter-
facial free energy such that reassembly of microporous mem-
branes occurs when solvency is changed."*®

To realize tunable membranes, functional polymers such
as polyacrylic acid (PAA) and polymethyl methacrylate
(PMMA) are mixed with polymeric membranes in order to
improve pH sensitivity. By changing the conformational state
of the polymer (these additives induce shrinking-swelling of
the pores of the membranes by deionization of carboxyl
group (-COOH) and ionization (-COO") around their pkK,
values), the permeability of the membranes are affected by
pH, ions, and solute concentrations."”®" Typical prepara-
tion of such membranes involves directly blending PAA with
other polymers, so that elution of PAA is possible due to its
water dissolubility. In order to address this issue, Wei et al.
prepared tunable membranes by blending cross-linked PAA
gel with PES solution using a phase-separation technique."®>
As the PAA gels were cross-linked before introduction to the
PES substrate, small pores in the skin layer prevented micro-
gel leakage. The blended PES membranes showed pH sensi-
tivity and pH reversibility between 3 and 8.

Recent reports addressing functional polymeric mem-
branes include use of conductive polymers,'®* demonstration
of temperature- and pH-sensitive membranes with improved
antifouling property by phase separation of blends of
PVF/poly(N-isopropylacrylamide-co-acrylic  acid) microgels/
DMF in water,'®* blending of copolymer poly(acrylic acid-co-
polyethylene glycol methyl ether methacrylate) (p(AA-co-
EGMA)) with PSU to prepare flat-sheet polymeric membranes
by the phase-inversion method,'®> one-pot in situ cross-
linked copolymerization of poly(methyl methacrylate-co-
acrylic acid) (P(MMA-AA)) and poly(methyl methylacrylate-co-4-
vinyl pyridine) (P(MMA-4VPy)) on PES membrane exhibiting
pH-response, anti-fouling property, and Cu®>" adsorption
capacity,'®® and track-etched polyethylene terephthalate
(PET) membranes by grafting 2-hydroxyethyl-methacrylate
(HEMA) via atom transfer radical polymerization showing
reversible pH-response permeation to environmental pH
values by controlling the PHEMA chain lengths.'®” Similar to
pH-responsive membranes, Lohokare et al. observed 230%
increase in water flux (90% rejection for BSA and 90-110 L
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m™? water flux) upon base treatment (NaOH) on a PAN-based
UF membrane.'®® This dramatic improvement was attributed
to a change in the membrane pore size caused by swelling of
the pores and increased hydrophilicity.

Temperature-modulated water filtration is another example
of the use of functional polymers. Poly(N-vinylcaprolactam)-
based microgels were employed to coat commercially available
hollow-fiber membranes used for MF and UF applications."®’
The main advantages of this method are that microgel
functionalization (via adsorption) can be applied to almost all
types of membranes and that the membrane modification is
simple. In this instance, the membrane showed reversible
thermoresponsive permeability and rejection (previously
reported that thermoresponsive polymer also exhibited less
fouling)."”®

Another widely used class of organic membranes are
cellulose-based membrane materials including cellulose ace-
tate (CA). CA membranes were among the first polymeric
membrane materials, and, historically, Loeb and Sourirajan's
asymmetric CA membrane in 1963 exhibited high salt rejec-
tion and flux values (5 to 11 gallons of 0.05% NaCl water per
sq. foot per day from a brine containing 5.25% NacCl at 1500
to 2000 psi for RO applications).'”" Since then, CA has been
applied in a wide range of filtration processes from RO to MF
driven by CA's relative low cost (cellulose is the most abun-
dant natural biomaterial on earth, ~700 billion tons per
year)'”? and hydrophilicity."”> However, CA membranes lack
long-term chemical, thermal, and biological stability (e.g.,
intolerant of chlorine, have limited operational temperature
and pH ranges, and have a tendency to hydrolyze over time).
CAs are often blended with other widely used hydrophobic
polymers to produce composite membranes such as PES/CA,
PVDF/CA, and PSF/CA."”*""7® Due to the high hydrophilicity
of CA, for example, hydrophobic PVDF (widely used mem-
brane exhibiting thermal stability, solvent and chemical resis-
tance) is blended with CA to address PVDF's low permeability
and poor antifouling ability. Among cellulose-based mate-
rials, cellulose nanofibers'’” extracted from various natural
sources (wood and cotton pulps) or under culturing condi-
tions (bacterial cellulose) were found unique in that they
offer network structure with excellent mechanical properties
(e.g., Young's modulus of bacterial cellulose >15 GPa).'”®
Examples of recent cellulose nanofiber membrane studies
include the fabrication of CA nanofibrous composite UF
membranes (CA MF membrane was used as a support) with
ultrahigh water permeability and efficient separation (3540 L
m~ h™ flux and 90.7% ferritin rejection)'*® and cellulose
nanofiber (fabricated from wood pulp by using the TEMPO/
NaBr/NaClO system followed by a mechanical treatment)
composite UF membranes (cellulose nanofiber as a top layer,
polyacrylonitrile (PAN) as a mid-layer, and polyethylene
terephthalate (PET) as a supporting layer) exhibiting five
times higher flux than that of commercial UF membranes
(e.g., PAN10 produced with the same polymer components
without the cellulose nanofiber barrier layer) and higher
rejection ratio (>99.9%) of microspheres.'”®

This journal is © The Royal Society of Chemistry 2016
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The use of self-assembly of block copolymers potentially
offers high selectivity due to their narrow pore-size distribu-
tion, high permeability resulting from high porosity, and
controllable dimensions, surface  properties, and
chemistries.”**®* Block copolymers with hexagonally packed
cylinders oriented perpendicular to the membrane surface
offer an ideal pore morphology.'®*™® Phillip et al. prepared
an UF membrane using self-assembled poly(styrene-block-
lactide) block copolymer.'®® By controlling the solvent
(toluene) evaporation rate (fast solvent evaporation kinetically
traps the cylindrical formation in a nonequilibrium morphol-
ogy), polylactide cylinders are formed perpendicular to the
substrate (commercially available microporous membrane was
used as a support layer). Fig. 13 shows a top view SEM image
of hexagonally arranged arrays of polylactide cylinders and an
experimental rejection curve along with the predicted curve.

Common methods to fabricate polymeric membranes
include phase inversion, interfacial polymerization,
stretching, track-etching, and electrospinning (cf, Fig. 2)."!
Atomic layer deposition (ALD) has recently been adopted
to modify and functionalize organic membranes (ALD
modification of inorganic membranes has been explored in
greater depth - some examples are shown in Table 4)."%%'9° A
brief example includes a conformal and uniform thin layer
deposition of polyimide (PI)."”" Pyromellitic dianhydride
(PMDA) and ethylenediamine (EDA) were used as precursors
for the ALD of PI on the pore walls of PES membranes. PI-
coated membranes showed improved mechanical and ther-
mal stability over their bare PES counterparts. Table 3 sum-
marizes some of the most recent development of organic
membranes.

4.3. Inorganic-organic hybrid membrane materials

The latest development in membrane material design is the
use of hybrid (inorganic-organic) materials, with much of the
drive originating in overcoming limitations associated with
polymeric membrane systems. Inorganic materials that have
been explored are metal oxides (e.g., Al,O3, TiO,, SiO,, ZnO,
Fe,0;), metals (e.g., Cu, Ag) and carbon-based materials (e.g.,
graphene and carbon nanotubes). Introducing inorganic moie-
ties into a polymeric matrix system can offer multi-
functionality beyond separation alone and can enhance hydro-
philicity, mechanical strength, water permeability, rejection
rate, and antifouling properties. This is, in part, because such
additives can modify the kinetics and thermodynamics of the
formation process of the polymeric membrane such that the
membrane surface and pore structure can be altered.

Various fabrication methods have been developed to
incorporate these nanomaterials in a polymer matrix as
shown in Fig. 14. These include blending, phase inversion
methods (resulting in well-mixed nanomaterials in the
matrix), interfacial polymerization (resulting in a thin layer of
nanocomposite on the surface of the membrane or a thin
layer with nanocomposite membrane substrates), self-
assembly of nanoparticles, surface coatings, layer-by-layer
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Table 3 Recent advanced organic membrane materials, their performance, and key features

Membrane material

Performance
(L (m* h bar)™)

Key features

Microfiltration
Polyvinyl alcohol (PVA)/polypropylene (PP)

Poly(vinylidene fluoride) (PVDF)/
hydroxyethylmethacrylate (HEMA)

Ultrafiltration
Cellulose acetate (CA) nanofiber
Polyimide (PI)/polyethersulfone (PES)

Polyethylene terephthalate (PET)

Polysulfone (PSU)/poly[2,2-(m-phenylene)-5,5"-
dibenzimidazole] (PBI)

Polyvinyl chloride (PVC) and polyvinyl
formal (PVF)

Cellulose acetate (CA)/polyethylene glycol
(PEG)

Hydrophilic polyurethane additive
(L2MM)/Polyvinylidene fluoride (PVDF) flat
sheet

Cellulose acetate derivatives

Polysulfone (PSU)
Nano-chitin whisker (NCW)/poly(vinylidene

fluoride) (PVDF)
Polysulfone (PSU)

32346 L m>h™*
at 0.24 bar

3540
3565-1780

0.1-0.21 mL
cm ™ s" at pH 4-8
355Lm > h™

52-323Lm >h™*
at 0.1 MPa

Max 360 L m >
h™ at 0.05 MPa
Max 130 L m >
hfl

316-406 L m >
h™* atm

227.8L m>h™
392Lm?2h™

7.5-8.9 L m >
h71

Combined solution and melt electrospinning methods to achieve smaller
avg. pore size than nonwoven membranes'>

Electrospun nanofibrous membrane coated with a surface-charged chitosan
polymer, enhanced hydrophilicity and improved flux'*?

10x higher flux than commercial membranes''®

Controllable coating of PI on PES via ALD, enhanced thermal resistance and
mechanical strength'®*

Reversible pH-responsive permeation®”

Enhanced porosity, hydrophilicity, and thermal stability'®

Enhanced antifouling property'*'

CA and PEG concentration effect thickness and cross sectional structure of
the membranes'”?

A new type of hydrophilic additives (L2ZMM(PEG-600) and L2MM(PEG-200))
result in ~6 times higher fluxes than the pure PVDF membranes'**

Hollow fiber, cellulose acetate (CA), cellulose acetate butyrate (CAB), and
cellulose acetate propionate (CAP) hydrophilicities CA > CAB > CAP CA
with the highest antifouling properties for humic acid and BSA'"”
Polyethylene glycol methyl ether (PEGME) as an additive, decreased contact
angle from 71° to 47° (ref. 132)

Improvement of mechanical properties, permeability and antifouling
property via non-solvent induced phase separation method"®
Gravity-driven membrane filtration, improved permeate quality in the
presence of biofilm on membrane surface but over long-term, accumulation

of organic matter resulting in deteriorating the permeate quality
Hydrophilic, pH responsive 90% flux recovery ratio after bovine serumal
bumin separation as compared to 37% flux recovery ratio of unmodified
membrane
Free-standing CA nanofibrous layer on a CA microfiltration membrane,

Poly(acrylic acid-co-polyethylene glycol methyl 0.794 L m™> h™*

197

165

uniform porous structure with porosity of up to 71%, ultrahigh water

permeability (10 times greater than that of most commercial membranes

ether methacrylate) kpa

Cellulose acetate (CA) nanofiber 3540
Nanofiltration

Poly(ethylene glycol) diglycidyl ether 50-92 L m~>h™*

(PEGDE)/polyamide

Polysulfone (PSU) Max 70 Lm > h™*

)118

Improved fouling resistance with small changes in the surface properties,
after small amount of grafting material (PEGDE), additional PEGDE has

much less impact on membrane performance
Improved hydrophilicity and cadmium removal (up to 98%) by addition of

152

an amphiphilic additive, IGEPAL surfactant and by using the lowest level of

coagulation bath temperature

processing, and surface grafting.'®® Wang et al. recently

reviewed the behavior of various nanomaterials in polymeric
matrices during the phase-inversion process and their struc-
tural performance during filtration;'*® membranes consisting
of nanomaterials in a polymer matrix for water treatment
were recently reviewed by Goh et al’*® and Yin et al'®
Recent developments in thin film composite membranes>"*
have received increasing attention as these systems exhibit
superior performance compared with asymmetric mem-
branes for desalination and have been reviewed by Lau
et al.202’203

Modifying the membranes by blending organic and inor-
ganic materials (especially nanoparticles) may offer advan-
tages such as excellent filtration performance, thermal and
chemical stability, as well as membrane forming ability.
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Recently, NPs such as oxide species (e.g., SiO,, TiO,, Al,O3,
ZnO) and metal particles such as Ag have been used to mod-
ify organic membranes. Widely used polymeric membranes
such as PES and PVDF with improved antifouling property
were realized by incorporating various NPs.

One of the earlier reports on hydrophilic modification of
PES membranes with NPs was carried out by Luo et al.***
TiO, NPs were assembled on the surface of PES by coordina-
tion and hydrogen-bond interactions between the hydroxyl
group of TiO, and the sulfone. The composite UF membrane
showed good separation performance. TiO,/PES composite
membranes revealed that incorporation of TiO, (0.5 wt%)
into PES did not affect the structure of the membrane, and
performance metrics such as hydrophilicity, thermal stability,
mechanical strength, and anti-fouling ability were enhanced.

This journal is © The Royal Society of Chemistry 2016
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Table 4 Inorganic-organic hybrid membrane materials, their performance, and key features

Performance (L m > h™"

Membrane material at 1 bar) Key features
Microfiltration
Polyisoprene (PI), polystyrene (PS), poly(4- 3200 + 500 Structural asymmetry with a thin nanoporous surface layer**®

vinylpyridine) (P4VP)/TiO, NPs
AgNP/polysulfone (PSU) 0.181-0.086 kg m> h' Pa’

at 1000 kPa (UF + MF)

Ultrafiltration
CNTs/polyethersulfone (PES) Max 10-90 L m™> h™" at
10 to 60 psi

Poly(ether sulfone)/dimethylacetamide (PES/ 5600 L m > h™

DMACc) solution, glycerol, and ZnO NPs
Ag-SiO,/polyethersulfone (PES) Max 140 L m™> h™
Amine functionalized Multi-walled carbon Max 180 Lm > h™*

nanotubes (MWCNTs)/polyethersulfone

(PES)
Al,O;/polycarbonate Max 11
TiO,/Polyvinylidene fluoride (PVDF) or 190, 300-420

polypropylene (PP)

Anodic alumina membranes ~2-7 ¢ h™" at 1-4.5 bar

Polyvinylidene fluoride (PVDF) and 271.29-346.14 L m > h™*
graphene oxide (GO)

Polyethersulfone (PES)/TiO, 365-596 Lm > h™*

Modified TiO,/Polyvinylideneflouride 825Lm>h™’

(PVDF)

AgNPs/polysulfone (PSU) 6-12 ml min™*

AgNPs/Polyethyleneimine (PEI) and
poly(sodium styrenesulfonate) (PSS)
Dextran-grafted halloysite nanotube
(HNT)/polyethersulfone (PES)

9.5 m® (m* day atm)™"

100220 Lm 2h'asa
function of HNTs
contents

Nanofiltration

(NH,-MWCNTs)/polyethersulfone (PES) 23.7Lm>h™"

Polyethersulfone (PES)/O-carboxymethyl 20-40 kg m > h™" at 4
chitosan + Fe;O, NPs bar

ZnO/PES Max 60

If, however, more than 0.5 wt% of TiO, was used, a defective
pore structure formed and the performance declined.?’® More
recent reports about TiO, incorporation include PES-TiO, NP
composite membranes synthesized from casting a solution
consisting of polar solvents (DMF and EtOH) and TiO, addi-
tive showing concentration-(TiO, and EtOH) dependent mem-
brane performance (permeation and rejection rates, pore
size, and porosity),>*® UF composite membranes containing
reduced graphene oxide/TiO, in PVDF matrix showing greater

This journal is © The Royal Society of Chemistry 2016

Ag NP loading via cold spray jet, anti-microbial capabilities (lysing
bacteria via 15 wt% Ag loading)®*

More hydrophilic, higher flux and slower fouling rate than neat PES
membranes (0.5% C/P blend optimal)**?

Solvent-evaporation-based process 97% retention 45 nm silica beads
gradient pore sizes by using ZnO NPs as a template®'"

Anti-bacterial and antifouling performance, introduction of silver in
the membrane by Ag NP deposition on the silica sphere surface®”
Increased hydrophilicity and improved BSA rejection and antifouling
properties of PES membrane>**

Al,O; deposition and pore size control via ALD, improved
hydrophilicity and resistance to acids and organic solvents
Uniform and conformal TiO, deposition via ALD, improved water flux
and retention through increased hydrophilicity and reduced pore
Sizesl89,239

Demonstration of water slippage on hydrophilic surfaces, flow
enhancement increases with decreasing diameter and are a function of
the channel length>*°

Improved hydrophilic, mechanical strength, permeation properties
(96.4% increase)***

Addition of TiO,, no effect on membrane structure, enhanced
hydrophilicity, thermal stability, mechanical strength and anti-fouling
ability®*®

LiCl-H,O and TiO, nanoparticles as an additive, lower TiO,
nanoparticle loading, the higher hydrophilicity, small pore size, and
high porosity'*®

6% and 10% of newly synthesized Ag NP exhibited the best
anti-biofouling characteristics, improved hydrophilicity, antibacterial
effect™’

Layer-by-layer deposition by using electrostatic interaction of
polyelectrolyte-stabilized Ag NPs®

Blending with HNTs-Dextran composites via phase inversion method,
improved antifouling property, hydrophilicity, pure water flux and
mean pore size of the membranes®"?

238

Enhanced hydrophilicity, pure water flux with increase of
NH,-MWCNTs amount, improved fouling recovery ratio, more
negatively charged surface for BSA filtration, salt retention Na,SO,
(65%) > MgSO, (45%) > NaCl (20%)>**

Improved hydrophilicity, pure water flux recovery ratio (91.7%), higher
rejection and good fouling resistance, undesired agglomeration when
high content of CC-Fe;0, NPs (>0.5%) are used, lowest irreversible
fouling resistance value 8.33%>*'

ZnO as an alternative NP additive, improved permeability, dye rejection
and fouling resistance®*?

hydrophilicity and higher water flux (54.9% increase) than
bare PVDF,**” and improved performance and hydrophilic
properties of PVDF-TiO, membranes by various methods
(sol-gel and blending methods,**® non-solvent induced phase
separation,”® and phase-inversion method'*®). It should be
noted that determination of optimal concentration of TiO,
plays a key role in enhancement of membrane properties (the
concentration ranges vary from 2-25% among the studies
mentioned above).
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Balta et al. used zinc oxide as an alternative to TiO, as it
offers lower material cost.>'® They reported the synthesis of
ZnO/PES membranes and investigated the performance of
the composite membranes by varying ZnO nanoparticle con-
tent (0.035-4 wt%). The results showed improved permeabil-
ity, dye rejection, and fouling resistance by adding ZnO NPs.
Methylene blue was used for rejection tests, and the rejec-
tion rate was increased from 47.5% for neat membranes to
82.3% for composite membranes even at 0.035 wt% of ZnO
nanoparticles. Another example illustrates that the incorpo-
ration of ZnO NPs can tune pore diameters (ranging from
sub-20 nm up to 100 nm) of membranes as shown in
Fig. 15.™ ZnO NPs/glycerol were used as pore templates in
a sense that removal of ZnO NPs/glycerol from the PES
matrix resulted in pores that were controlled by the ratio of
ZnO NPs/glycerol.

Halloysite (formula: Al,Si,O5 (OH);-2H,0) nanotubes
(HNTs) have recently been used as catalyst supports, nano-
reactors, and filler for polymer to improve the mechanical
and thermal properties of the composites. Studies showed
that HNTs are easy to blend with a polymer matrix due to
their well-crystallized structure, low density of hydroxyl func-
tional groups, and tubular shape.>"* Examples of HNT com-
posite membranes include dextran-grafted HNT as a hydro-
philic filler in PES membranes showing higher flux and good
antifouling properties (the content of dextran-grafted HNT in
the hybrid membranes was an important factor affecting the
morphology and separation properties of the membranes)**?
and 2-methacryloyloxyethyl phosphorylcholine (MPC)-grafted
HNT/PES composite membrane also addressing antifouling
properties (MPC-based materials are known to resist protein
adsorption, and the results indicated that the hybrid mem-
branes possessed higher water flux, good antifouling perfor-
mance, and stability).*"*

Another NP additive is Al,O;, which is stable, inexpensive,
and non-toxic. Many studies demonstrated that the addition
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Fig. 15 Schematic illustration of fabricating asymmetric membrane.
From left to right: poly(ether sulfone)/dimethylacetamide (PES/DMAc)
solution is mixed with ZnO NPs as pore templates and with glycerol.
Composite film is cast on a glass substrate. After solvent evaporation
and polymer coagulation the pore-templating NPs are dissolved with
diluted HCL High glycerol/ZnO ratios result in highly asymmetrical
membranes. Reprinted with permission from ref. 211 Copyright (2015)
American Chemical Society.
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of Al,O; results in enhanced mechanical strength, hydrophi-
licity and, consequently, antifouling properties.>'>*"°
Recently, the influence of combined additives (inorganic
Al,O; and organic polyethyleneglycol (PEG)) via phase inver-
sion method in various polymers such as PSU, PES, and PEI
was studied (PEG has been extensively used as an organic
additive to improve membrane selectivity and hydrophilicity
as well as a pore forming agent)*'” to determine the material
with the best antifouling properties.”’® Combining Al,O; with
PES resulted in superior antifouling properties caused by
reduced hydrophobic interaction between foulants and the
membrane surface. Among these composites, PES/PEG/AL,O;
membranes displayed the best antifouling properties.

Arsuaga et al. reported the effects of the type, size, and
spatial distribution of metal oxide NPs (TiO, (485 + 148 nm),
Al,O; (438 + 131 nm) and ZrO, (398 + 122 nm)) on the prop-
erties of composite PES UF membranes (Fig. 16).>'° They
observed a correlation between physico-chemical properties
(porosity, hydrophilicity, and permeability of composite
membranes) and the spatial particle distribution in the mem-
brane structure. General improvement of water flux and rejec-
tion upon incorporation of the particles was seen. Also, the
study showed that metal oxide NP-doped PES membranes
exhibited reduced fouling due to increased hydrophilicity of
the membrane surface. NPs distribution is a key parameter
for membrane fouling reduction, but there is no effect on the
rejection potential of the composite membranes.

There are several reports on the use of silver nanoparticles
to address bio-fouling issues in polymeric membranes (Ag
NPs are a common biocide material). An example includes
incorporation of Ag NPs onto PAA brush-grafted PVDF mem-
branes via a physisorbed free-radical-grafting technique.
Silver ions from silver nitrate solution were bound to PAA-
grafted PVDF membranes via coordination bond formation
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Fig. 16 Flux comparison of prepared membranes (PES as a control,
PES/ZrO,, PES/TiO,, PES/Al;O3) during 100 mg L™ BSA aqueous
filtration. Membrane performance improves in the order Al,O3 > TiO,
> ZrO,. Spatial NP distribution on PES membrane is a key parameter
for membrane fouling reduction. Reprinted from ref. 219 Copyright
(2013), with permission from Elsevier.
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between carboxyl groups of PAA and silver ions; further
reduction of silver ions resulted in the formation of Ag NPs
on the grafted membranes. The resultant composite mem-
branes showed enhanced surface hydrophilicity and antifoul-
ing performance.””® Another report addressing the bio-
fouling issue was carried out by modifying PSU membranes
with Ag NPs synthesized using various ionic surfactants (sil-
ver sulfadiazine, dodecyltrimethylammonium bromide,
benzalkonium chloride, or sodium dodecylbenzene sulfo-
nate).*" All membranes displayed better hydrophilicity than
neat PSU. E. coli and S. aureus were used to test the sensitiv-
ity of the antimicrobial effect, and the lowest adhesion of E.
coli was found with 6% and 10% Ag NP additions. These
studies also found that the Ag particle size played an impor-
tant role for the antimicrobial effect. Loss of antimicrobial
compounds by the membranes during operation is an ongo-
ing challenge in this field. Prince et al. showed functional
modification of PES hollow fiber membranes using PEG and
Ag NPs through thermal grafting (poly(acrylonitrile-co-maleic
acid) (PANCMA) was used as a linker to chemically attach
PEG and Ag NPs to the PES membrane).?**> The modified UF
membrane exhibited an increase of hydophilicity and anti-
bacterial activity.

GO nanosheet additives offer good chemical stability and
high surface area. GO-doped PSU polymer matrix exhibits
enhanced hydrophilicity, water flux, and salt rejection.**
There are also reports in which GO nanosheets act as a
hydrophilic modifier for polymeric membranes such as
PVDF,*** PSF,”** GO/PVP on PVDF,** as well as enhancing
antifouling®®®>*” and mechanical strength of MF membranes
(e.g., GO/PVDF with 55.11% and 67.14% increase in the ten-
sile strength and Young's modulus, respectively).>*® Cross-
linked GO nanosheets on a polydopamine-modified PES sup-
port displayed 4-10 times higher flux (80 and 276 Lmh
MPa™") than that of most commercial nanofiltration mem-
branes."” Fig. 17 shows a schematic illustration of a GO
membrane fabrication procedure and reaction mechanisms.

/m _Polysulfone e R
A g B 8 E
[
{~Dopamine 3 HO OHHO OHHO OH HO_oH & oHHo_oH
e~ m ¢
,Jl -
TMC Solution
. o & Polydopamine
-

= <}
[}

(GO Solution )

Repeated LbL Deposition
TMC Solution :

S &
Fig. 17 Schematic illustration of (A) GO membrane fabrication
procedure, (B) the mechanism of reactions between polydopamine
and TMC (cross-linker: 1,3,5-benzenetricarbonyl trichloride), and (C)
reaction mechanism between GO and TMC. Reprinted with permission
from ref. 115 Copyright (2013) American Chemical Society.
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Although GO membranes are still in the development stage,
they exhibited relatively high flux range (80 to 276 Lmh
MPa™") as compared to commercially available NF mem-
branes. Low to moderate rejection of salts and organic dyes
was reported, and these unwanted solute rejections are
believed to be the result of size exclusion and surface-charge
effects.

Similar to GO, CNTs offer thermal and mechanical stabil-
ity and possess high surface area and selective adsorption
properties via surface functionalization of the CNTs. An ear-
lier report by Choi et al. showed an increase in water flux
with the introduction of carboxylated multi-walled CNTs
into PSU membranes. This enhanced flux is related to
improved hydrophilicity arising from the carboxylic acid
functional groups.”*® PES is one of the most common poly-
meric materials used in UF applications as mentioned in an
earlier section. Despite its excellent properties (e.g., perme-
ability, selectivity, mechanical stability, and chemical resis-
tance), PES is inherently hydrophobic resulting in low mem-
brane flux and poor antifouling properties. In addressing
antifouling properties, various modification techniques (e.g.,
the use of additives, ultraviolet irradiation, chemical treat-
ments, grafting, and surface coatings) have been
reported.'>*>**>*> Recent reports on CNT incorporation
include the fabrication of multi-walled CNT-blended PES
composite membrane via the phase-inversion method,>*?
and amine functionalized multi-walled CNTs/PES composite
membranes, which showed improved antifouling properties
and hydrophilicity.>**>%

Table 4 summarizes the recent development of hybrid
membrane and their performance and features.

5. Analytical methods

Analytical methods such as physical/chemical characteriza-
tion of membranes, modeling filtration processes, and under-
standing different operation modes are a crucial part of
design, development, and application of membrane technol-
ogy. In the following sections, we survey each of these topics,
drawing special attention to their relevance to materials
selection.

5.1. Membrane operation processes

Membrane filtration-based water purification processes such
as RO, NF, UF, and MF are most commonly pressure-driven
(other methods include dialysis, distillation, and electro-
potential driven processes). The primary membrane system
architectures are (A) dead-end filter and (B) cross-flow opera-
tions (Fig. 18).>**

Dead-end filtration mode is the most common process for
water treatment in the research lab. In this mode, the flow of
water to be filtered is directed perpendicular to the mem-
brane surface such that water is pushed through the mem-
brane by the applied pressure. This technique is useful if the
concentration of particles or targeted pollutant is low. It is
typically used in home water filtrations and also to
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Fig. 18 (A) Schematic illustration of dead-end operation (B) cross-
flow operation processes.

concentrate compounds in contrast to industrial applications
where amount of materials to be filtered can be as high as
30%. If the concentration of targeted species is high, the fil-
tered materials can accumulate as a layer on the surface of
the membrane. This layer formation results in a pressure
drop across the membrane leading to increased resistance
and reduced permeate flux.

In the case of a cross-flow (or tangential flow) operation
process, the feed stream is parallel to the membrane surface
such that the feed water flow is perpendicular to the filtration
flow as shown in Fig. 18B. Continuous turbulent flow along
the membrane surface (cross-flow velocity is typically 0.5 to 1
m s, four to five orders of magnitude greater than the
superficial water velocity toward the membrane) creates a
shear force that reduces the accumulation of species.>** As
such, the cross-flow operation mode is particularly useful for
filtering high concentrations of materials or macromolecules
such as cells and proteins. For municipal water treatment
applications, input (surface) water typically has dilute con-
tamination (concentration of solids is about 0.01%). There-
fore, the advantage of cross-flow operation is less significant.
Also, costs for the membrane system and operation costs
associated with the cross-flow system are higher than those
for dead-end operation. (Some cross-flow operation systems
can also operate in a dead-end mode.)

5.2. Membrane characterization

Structural, physical, and chemical properties of membranes -
especially surface properties of the membranes - must be
well understood in order to develop successful membrane
technologies. Understanding the surface properties of the
membranes, which depend on the membrane materials,
membrane type, and interactions between membrane and
solute, is not only of scientific importance but also techno-
logical importance in the water treatment industry and is
critical to membrane performance metrics including perme-
ation, flux, rejection, lifetime, and fouling.

There are various qualitative and quantitative analytical
tools for characterizing membranes. These include scanning
electron microscopy (SEM), transmission electron microscopy
(TEM), scanning tunneling microscopy (STM), secondary ion
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mass spectrometry (SIMS), contact angle measurements, zeta
potential, X-ray photoelectron spectroscopy (XPS), laser scan-
ning confocal microscopy (LSCS), electron spin resonance
(ESR), neutron reflectivity (NR), thermogravimetric analysis
(TGA), Fourier transform infrared (FTIR) spectroscopy with
attenuated total reflection (FTIR-ATR), Raman spectroscopy,
atomic force microscopy (AFM), and X-ray diffraction (XRD).
These tools elucidate structural information, elemental com-
position, surface morphology, and fouling phenomena. In
this section, brief descriptions of several of the most com-
monly used tools are provided. Readers who seek additional
details on specific tools should refer to recent reviews by
Agboola et al. and Lau et al.>*'>*

The most widely used technique for structural and chemi-
cal composition characterization of membranes is SEM. An
SEM image is formed by scanning a focused electron beam
across the sample and recording the intensity of scattered or
secondary electrons. In addition to electrons, X-rays are
ejected from the sample, and these can be detected using
energy dispersive X-ray spectroscopy (EDX), or wavelength
dispersive X-ray spectroscopy (WDX). The SEM electron beam
can also generate photons in the UV-vis-IR range and these
can be recorded using cathodoluminescence. When high-
resolution images of membrane structures are necessary,
TEM can be used. Many of these microscopes also offer qual-
itative and quantitative evaluation of different types of
foulants and chemical composition of membranes. Various
signals obtained from a collection of detectors contain infor-
mation about the surface topology, pore size, pore size distri-
bution, pore shape, chemical composition, and thickness of
the membrane. If the sample is cross-sectioned (or is viewed
tilted), the cross-sectional images can provide thickness and
structural information (e.g., membrane support, pre-layer,
and skin layer).>*® Sample preparation and imaging parame-
ters greatly affect the resultant images. Recently, Abdullah
et al. pointed out the importance of noting and reporting
imaging parameters and membrane sample preparation for
SEM characterization.>*’

Another imaging technique often used to elucidate the
surface roughness, pore size and its distribution, nodule size,
and aggregate size at the surface of the membrane is AFM.>*®
AFM uses mechanical interactions between the sample and a
probe tip mounted at the end of a cantilever, which is
scanned across the sample surface. As the tip nears the sam-
ple surface, deflection of the cantilever is measured by a laser
beam reflected from the cantilever onto a photodiode. AFM
studies have been applied to various membrane materials
(both organic and inorganic)®***>*" and processes (from MF
to RO).>*?5272%¢ Determination of the surface roughness by
AFM has become a routine analytical method as it relates to
membrane fouling.>*”>*®

In the case of the surface charge properties of the mem-
branes, zeta potential measurements are commonly used.>’
Zeta (surface) potentials are determined from electro-kinetic
measurements; changes in membrane surface potential can
be used to study cake deposition and fouling behavior during
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filtration, and the measurements are also useful for NF/RO
applications in which electrolyte solutions (e.g., KCl)
containing different pH values are used.”**>%* Membrane
charge electrostatically interacts with ions and results in a
change in charge density near the surface of the membrane.
The separation efficiency of ions is governed by the relative
sign of charge on the membrane's surface, ions, colloids, or
molecules (e.g., attractive forces through opposite charge
interactions result in fouling).

IR and Raman spectroscopy measure the vibrations of
molecules and are used to identify or study structural/chemi-
cal composition of samples (Raman-active transitions require
a change in the polarizability of the molecule, whereas, IR-
active transitions require a change in the dipole moment).
These techniques can be used to characterize polymeric
membranes for example, to monitor surface modification
and bio-fouling of the membrane.’*>?** Recently, surface-
enhanced Raman spectroscopy has also been utilized to
examine fouling of organic species on membrane
surfaces.>®>?%°

As stated earlier, it is generally accepted that fouling
increases for membranes with more hydrophobic, less nega-
tively charged, and rougher surfaces. Hydrophilic surfaces
hydrate the membrane surface by water molecules, which
makes it less susceptible to initial organic fouling than
hydrophobic surfaces.'** Analytical tools used for membrane
protein-fouling characterization include SEM, TEM,
radiolabelling, XPS, microspectrophotometry, EPRS (quantita-
tive analysis of protein fouling/denaturation by chemical
attachment of spin labels to protein), SANS (in situ measure-
ment for quantification and location of protein fouling, thick-
ness, and structural characterization), NMR, and SIMS (differ-
entiating adsorbed proteins and determining orientation/
conformation of adsorbed proteins).*®’

Water contact angle is a measure of wettability of the
membrane. This measurement is the most commonly used
technique to evaluate hydrophobicity/hydrophilicity, where
smaller contact angles correspond to more hydrophilic sur-
faces. Contact angle measurement is based on three-phase
equilibrium, which occurs at solid/liquid/vapor or solid/lig-
uid/liquid interfaces (e.g., membrane/water/air). Typically, a
drop of water (~ a few pL) is placed on a membrane surface,
and the contact angle 6 between the water droplet and the
membrane surface is measured using a goniometer. In prin-
ciple, if the measured contact angle is less than 90°, sponta-
neous water intrusion to the pore can occur without addi-
tional pressure whereas if the contact angle is higher than
90°, extra pressure is needed for permeation to occur as
shown in Fig. 19. However, even if the contact angle is less
than 900, it is possible to take some time to wet the mem-
brane due to some degree of surface roughness. Also, even if
the contact angle is higher than 90°, pores of the membrane
may eventually be wet due to surface defects, condensation of
water vapor or other processes. Interestingly, despite the
widespread understanding in the field that hydrophobicity
and fouling are intimately related, a recent article by Rana
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Fig. 19 The effect of equilibrium contact angle, 6, on the membrane
pore wetting phenomenon.

and Matsuura identifies only a few studies in which mem-
brane fouling is directly correlated to the hydrophilicity/
hydrophobicity of the membrane surface. Further, except for
the membrane surface charge, these parameters are based on
correlation of data, which are, at best, valid within a small
range of interfacial property values."* As such, one should
be cautious when extrapolating correlation data, especially
for extreme contact angle values.

5.3. Membrane modeling and simulation

Ideally, a modeling system will not only predict membrane
performance but also help to optimize the separation pro-
cess. Accurate modeling will shed light on separation mecha-
nisms during filtration that can produce substantial opportu-
nities for productivity improvements and cost savings. As
such, modeling and simulation are an integral part of mem-
brane research and have become an increasingly necessary
tool for industry as well.

In general, modeling and simulation for filtration pro-
cesses can be divided into three levels - molecular, meso-
scale, and macroscale modeling. Macroscale modeling, which
is beyond the focus of this review, deals with design and opti-
mization of processing parameters of membrane-based filter
modules for application in, for example, wastewater treat-
ment plants.

Mesoscale modeling (such as at the single-filter module
level) generally deals with flow, rejection, flux, and fluidic
transport. As discussed in section 4, membranes with various
structures can be fabricated wusing different synthetic
methods and materials. In the case of UF and MF processes,
when a membrane is porous and water flow is laminar (flow
layers travel a regular path or travel smoothly over one
another cf. turbulent flow, in which the flow pattern involves
irregular fluctuations and is time-dependent) a simple hydro-
dynamic theory can be applied and modelled using empirical
equations: Darcy's Law, Hagen-Poiseuille equation, and
Carman-Kozeny equation.”®®>®® Application of a specific
equation depends on the pore structure factors such as pore
size, shape, porosity, average capillary length, pore-size distri-
bution, surface area, and tortuosity. In this section, we shall
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discuss the practical use of these equations. More detailed
mathematical derivations and mechanisms of membrane
transport can be found in ref. 268.

The law governing the flow of fluid established using
porous plugs of sand between two fluid reservoirs was devel-
oped by Darcy. He observed that the flow rate is directly pro-
portional to the hydrostatic pressure along the length of a

- d
membrane consisting of sand, £ . Darcy's law expresses that

the average velocity, @, through the porous membrane has
the following relation:

k dp (5.1)

N
&l

where k is the permeability of the porous membrane and y is
the fluid viscosity. The unit of k is a Darcy (flow of 1 cc s™*
em? with 1 atm ecm™" pressure gradient for 1 cP fluid viscos-
ity), and k depends on pore structure factors such as porosity
and tortuosity, which will be discussed later in this section.
Eqn (5.1) represents a pressure-driven process through mem-
brane pores (flux due to diffusion, which is used in RO appli-
cations, is negligible), and this applied pressure is the driving
force for transporting fluid through a porous membrane.

In the case of a cylindrical pore structure (Fig. 20), the
Hagen-Poiseuille equation describing laminar flow in a pipe
is used to characterize the flow rate:

Ap

ve— (5.2)

where R is the viscous resistance along the pipe shown in
Fig. 20:
_8nL

R="1 (5.3)
nr

where L, r, and 7 are the length and radius of the tube and
viscosity of liquid, respectively. Eqn (5.3) is analogous to an
electrical circuit in which the flow of current is proportional
to the potential across the resistance (I = V/R). Electrical
energy is dissipated when an electrical current flows through
a resistor; similarly, energy is dissipated when a fluid flows
through a pipe. In the electrical circuit this is manifest by the
potential drop across the resistor; in the case of the pipe, the

v flow rate
bl

~

Fi

g. 20 Porous membrane consisting of cylindrical capillaries.
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flow causes a pressure drop along the pipe. The flow rate
per unit area (ie., flux) is the sum of all the flows of indi-
vidual cylindrical capillaries of equal sizes. Therefore, we mul-
tiply eqn (5.2) by the surface porosity, ¢ (void volume/total
volume):

4
A
o™ A

87 L (5.4)

The term

Ap . .
Tp is taken as a pressure gradient across the cap-

illary as seen in Darcy's Law, % It should be noted that
the flow rate is sensitive to the radius of the capillary (v o
). For example, a typical pore diameter of a MF membrane
ranges from 0.1-5 um, which is approximately 100-fold larger
than the average pore diameter of an UF membrane as
shown in Fig. 3. This means the permeance (flux per unit
pressure difference) in MF is significantly higher than that in
UF, as such, different operating pressures are required.

For porous media with noncircular cross section, Kozeny
developed a hydrodynamic equation based on the assump-
tion that the flow path is random and tortuous.>*® Using the
concept of the hydraulic radius, the Carman-Kozeny equa-
tion is

3
T TI 5:5)

Ku(l-€)'s, L
K is called the Kozeny constant and S, is the specific surface
of the porous medium (surface area of porous medium/vol-
ume of porous medium solids). Eqn (5.5) is widely used for a
membrane consisting of closely packed spheres. Finally, com-
paring eqn (5.5) and (5.1), the Darcy permeability, X becomes:

83

k= K(1-¢)'s.? (5-6)

As mentioned earlier, k depends on pore structure factors
such as porosity and tortuosity, which are the most com-
monly used parameters to characterize porous membranes.
Membrane porosity is the void fraction of the total mem-
brane, and typical UF and MF membrane porosities range
from 0.3 to 0.7."° Tortuosity is defined as the ratio of the
average length of the convoluted path that the fluid must
travel to traverse the membrane to the membrane thickness.
For example, Fig. 21 shows a schematic illustration of a

ST
Al 1 o

T=10 T=15 T~15t025

Fig. 21 Schematic illustration of porous membranes with different
tortuosity (7). Fig. adapted from ref. 10.
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parallel cylindrical pore structure, which has a tortuosity of
one (i.e., the average length of a pore is equivalent to the
membrane thickness). Most membranes have tortuosities
from 1.5 to 2.5."°

For NF processes, transport through the membrane is bro-
ken down into two separate components: convection and dif-
fusion. Electrostatic interactions are an important factor
when addressing charged membrane surfaces and charged
molecules such as salts and ions. Modeling water flux for NF
is related primarily to the pressure (Ap), which is analogous
to MF and UF described earlier using the Hagen-Poiseuille
equation (osmotic pressure needs to be taken into account
when water contains high salt concentrations).>”® In the case
of convection, water flux is dependent on the applied pres-
sure (water flux and convective flux of species in water are
high at high pressure). In contrast, the diffusion process (sol-
ute flux) is independent of pressure, as such, diffusion pro-
cesses permeate the species through the membrane regard-
less of the pressure but rather related to the solute
concentration gradient across the membrane. Commonly
adopted NF models are those based on the Extended Nernst-
Planck equation with the Donnan steric equilibrium at the
membrane and solution interfaces.”’*”> The Extended
Nernst-Planck equation describing the solute flux (J;) is:

Ji =(_Di gj_(Di'zi'ci'L'ﬂ)*'(Ki‘ci‘Jv) (5.7)
dx RT dx

where, D; is diffusivity of solute i, ¢; is the concentration of
solute at the membrane surface, x is mole fraction of solute,
z; is the valence of solute, F is Faraday's constant, RT are the
gas constant and temperature, ¥ is the electric potential, K;
is the distribution coefficient of solute, and J, is the volume
flux. Eqn (5.7) consists of three different components of the
solute flux. The first term describes the concentration gradi-
ent across the membrane, the second term concerns the flux
due to electrostatic forces (as a function of the charge gradi-
ent), and the last term describes the convection of the solute
(as a function of volume flux). The concentration of solute at
the surface of the membrane (nb, all three terms in eqn (5.7)
contain ¢;) can be estimated by using the Donnan equilibrium:

Y, =¥, -¥.=c=C, exp(—zi-%A ‘{’Dj (5.8)

where C; is the feed concentration of solute and ¥, is the
Donnan potential, which describes the difference between the
electrical potential of the solution and the electrical potential
of the membrane (¥, - ¥). The Extended Nernst-Planck
equation (eqn (5.7)) with the Donnan equilibrium (eqn (5.8))
has been applied to predict the rejection of various salts by NF
and RO processes, and these eqn's show that the concentra-
tion of the solute at the membrane surface determines the sol-
ute passage. If the electrical potential of the membrane, ¥,
increases, the concentration of counter ions increases whereas
the concentration of ions with a similar charge decreases.””® It
should be noted that it is difficult to estimate the solute/ion
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mixture (charged ions, ions with neutral charge, and ions with
different sizes) with a simple model. Nonetheless, numerous
models such as the Donnan-steric-pore model, the Spiegler-
Kedem based model, the dielectric exclusion model, and
others have been proposed. More details of modeling of ion,
salt, and solute transport for NF and RO membrane applica-
tions can be found in review papers.**”* Also, there are recent
review papers on modelling of bioprocesses and membrane
fouling in membrane bioreactors.'”"*>”

In order to have better understanding of filtration mecha-
nisms, numerical simulations on a smaller scale are often
carried out. Molecular dynamics (MD) is one such tool where
the physical motion of atoms and molecules is simulated.
Newtonian equations of motion are solved numerically for a
system of interacting particles, and the forces between parti-
cles are defined by inter atomic potentials. Through MD sim-
ulations, static and dynamic properties (e.g., membrane
material property characterization or solute movement
through and on the membrane including phase-space trajec-
tory followed by individual atoms) of a membrane system
may be investigated on a molecular level.>’® Graphene-
derived functional membranes (especially GO) have emerged
as excellent candidates for filtration process as described in
an earlier section.”””*’® Ning Wei et al. have numerically
studied the water permeation mechanism in graphene oxide
membranes by performing atomistic simulations and contin-
uum mechanics-based analysis.>’”° By considering flow
through the interlayers of GO, expanded channels such as
wrinkles of inter-edge spaces and pores within the sheet, the
study concluded that the porous microstructure is the origin
of fast flow of water and suggests a hydrogen-bond-mediated
side-pinning effect by water confined between oxidized and
pristine regions in GO membranes (Fig. 22). The previously
proposed mechanism of ultrafast flow between pristine GO
membranes invoked an atomically smooth graphitic surface
leading to ultralow friction.'***””

B

Fig. 22 Schematic illustration of (A) microstructures of graphene-
derived membranes. The percolated water transport channel is com-
posed of interlayer, inter-edge spaces, wrinkles, and pores. The pristine
and oxidized patterns on GO (bottom left) are modeled in a quasi-2D
molecular model (bottom center) with oxygen-containing
functionalization groups on both sides (bottom right). (B) Schematic
models for water flow between graphene or GO membranes. Water
flow between graphene sheets experiencing significant boundary slip
as such velocity profile is almost flat. (C) Reduction of flow between
GO sheets with a much shorter slip length. (D) Flow within pristine and
oxidized graphene regions with widths wg and wg, respectively. The
edge-pinning effect breaks down the ultrafast flow within the pristine
channel. Reprinted from ref. 279 Copyright (2014) American Chemical
Society.
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Numerical simulations can also provide insight into mem-
brane fouling.>***** It is found that the adhesion force
between the foulant and membrane originates from (i) hydro-
gen bonding (ii) van der Waals interaction and (iii) ionic-
bridge binding. MD studies of CNT-based membranes also
have been carried out. However, the majority of MD studies
including CNTs focus on desalination and RO processes
(beyond the scope of this review) dealing with aqueous salt
solutions of different concentrations, ionic properties, and
water properties (flow, diffusion, solvation energy, etc.).>** %
Along with a brief background about classical MD, Ebro et al.
recently summarized MD simulations used in these
membrane-based water treatment processes.>”®

6. Outlook and conclusions

Energy and water represent perhaps the two most pressing
challenges we face as a society, and they are intimately inter-
related. Sustainable, low-cost supplies of clean water and
energy are crucial for global prosperity, health, and security.
Membrane technology, in particular, can be anticipated to
maintain a dominant role in water purification because it is
both effective and energy-efficient.

Membranes effectively remove molecular and mesoscopic
pollutants, including microorganisms and colloids, though
challenges remain in their large-scale utilization. Regardless
of membrane type, common goals are: 1) high flux, perme-
ation, and rejection, 2) mechanical, chemical, thermal, and
temporal stability, 3) system design including processibility
into large scale, 4) cost-effectiveness, and 5) anti-fouling.

In practice, these demands placed on membrane technol-
ogy for water purification are aggressive. Remarkable prog-
ress has been made in establishing new fabrication methods
for tailoring membrane pore structures, surface properties,
and morphology. Despite recent advances in synthesis of
novel ~membrane  materials, surface modification/
functionalization methods, and optimization of operating
design and conditions there remains an urgent need to pro-
duce reliable membranes with designed characteristics espe-
cially toward addressing membrane fouling (biofouling, scal-
ing, organic, and colloidal fouling) issues.'?*'30:28%:289 The
prevention of fouling remains an unsolved problem in water
treatment leading to high operational costs and low product
efficiency. To enable the next generation of progress in mem-
brane technology, innovative surface engineering and fabrica-
tion methods to develop multi-functional membranes with
exceptional antifouling, antimicrobial, and photocatalytic
properties may be needed. In this regard, composite mem-
brane materials are promising candidates, especially those
incorporating functional nanomaterials in a “smart” polymer
matrix. Indeed, GO-, CNT-, and inorganic NP-based mem-
branes (and hybrid membranes) represent a true next genera-
tion of materials. In depth understanding of their physico-
chemical properties and development of controlled
interactions between nanomaterials and hosts need to be
established in order to increase reproducibility of production
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and performance. Thorough understanding of transport
mechanisms of water and solute in the membrane, and the
role of microscopic membrane properties in macroscopic per-
formance still remains elusive. In addition, common frame-
works for risk research/assessment/management need to be
established. Environmental impact and toxicology of these
nanomaterials in long-term use must be evaluated and
mitigated.

Clean water scarcity is a massive and burgeoning chal-
lenge worldwide; advanced water purification technologies
will be an indispensable pillar required to meet our future
needs. Through innovative fabrication, processing methods,
materials selection, and systematic studies for identifying key
parameters (effect/influence of membrane structures, pores,
surface roughness and charge, and understanding/predicting
interactions between solutes and membrane), research and
development of membrane technology promises to play a key
role in addressing this global water crisis.
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