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Exploring the current state of play for cost-effective water

treatment by membranes

Nidal Hilal' and Chris J. Wright?

This article presents a perspective on the current development and application of membranes for the treatment of water. We
examine how membranes contribute to the global challenge of sustainable supply of clean water. The main theme is on
desalination and how innovative science and emerging technology is being applied. Thus, we appraise how techniques such as
advanced membrane materials, biomimetic membranes, hybrid systems, forward osmosis, and membrane distillation are being
used to improve production to meet the increasing global demand for water.
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INTRODUCTION

The energy-efficient sustainable treatment of water is one of the
key issues of the twenty-first century and with current global
population growth this importance is only going to increase.
According to the United Nations there are over 748 million people
that do not have access to an improved source of drinking water,
and water demand from industry is expected to increase by 400
percent between 2000 and 2050 globally.' In addition, more than
3.4 million people die each year from water hygiene-related
causes.” This is a dire problem for developing countries with poor
infrastructure and limited financial leverage. However, this is a
global issue as estimates have predicted that half of the world’s
population will suffer severe water shortages by 2050.% This will be
compounded by the world’s population growth, set to increase
from 7.6 billion at present to 9.8 billion by 2050.% This indicates
that the requirement for fresh water and management of waste
water will dramatically increase. There is not enough natural fresh
water to meet this vast demand. Thus, complacency is not an
option for global water management if water shortages and
conflict over water are to be avoided. The water processing
industry must develop new treatment methods and increase
water resources as a matter of urgency. Membrane-based
processes and desalination have emerged as technologies that
will answer these challenges. This promise is recognized in market
predictions with the global desalination market, according to
report by SBI Energy, set to reach US$52.4 billion in 2020, an
increase of 320% from US$12.5 billion in 2010.% Reverse osmosis is
set to have the largest growth in the membrane market segment
reaching US$40 billion by 2020.*

Desalination is dramatically increasing the amount of water
resources that are available for the production of potable water
and membrane desalination and thermal processes are the most
common methods. Thermal processes require a large amount of
energy to achieve evaporation and condensation of water,
through techniques such as vapor compression, humidification
dehumidification, and multi-stage flash.” Energy is the biggest

cost in desalination, accounting for up to half of the total cost of
fresh water production.® Indeed, the resources of energy and
water are intimately related with 7% of all energy consumed
globally used to produce fresh water.” In recent years, the energy
needed for desalination has decreased significantly.® This is due to
the development of more efficient pumps, energy recovery
devices, process configuration, and membranes. In comparison
to thermal processes, membrane desalination technologies have
the advantage of comparatively low energy’® requirements and
they are based on processes such as reverse osmosis (RO), forward
osmosis (FO), electrodialysis (ED), and nanofiltration (NF) that
desalinate water by rejecting salt at a membrane barrier. The
application of membranes is growing and we believe that it is still
in its infancy. This article will examine the current status of
membrane science and engineering as it endeavors to create
efficient membrane processes that will provide cost-effective
water treatment for the global population.

Challenges facing membranes

There are many different forms of membrane separation
processes all with the same underlying principle of a selective
barrier allowing the differential passage of material, depending on
the relationship between the physical and chemical properties of
the solute(s), solvent, and the membrane. A pressure difference
across the membrane is the driving force for the separation
process with the solvent passing through the membrane and the
different solutes being either retained or passing through the
membrane. The passage of the solutes across the membrane is
governed by a convolution of their size, charge, activity, and
partial pressure. Membranes and membrane processes are
defined by the materials they separate or the applied driving
force and all membranes microfiltration (MF), ultrafiltration (UF)
NF, and RO have been used in the treatment of water. The
material of the membrane governs the efficiency of the separation
process and is arguably the focus of a lot of research®'® that has
shown greatest promise to overcome some of the problems,
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principally fouling and salt-scaling, that have limited the applica-
tion of membrane processes in water treatment.

The efficiency of a membrane process is compromised by
fouling of the membrane surfaces, which in many cases is
inevitable for the materials being processed, and places economic
constraints on the adoption of membrane technology for some
water treatments."" The fouling can be reversible or irreversible
and the extent is governed by the surface properties of the
membrane and its interactions with the feed components. The
deposition of a foulant layer during normal process operation
results in changes in the chemical and physical properties of the
membrane that must be addressed by regular cleaning regimes
that restore the membrane efficiency. This will have economic
impact for the water treatment plant.? If foulant layers are allowed
to build up, the surface that interacts with the feed stream will be
modified with changes in surface roughness, hydrophobicity,
charge, and decreasing pore size.'' Of particular concern is
biofouling, which is a serious problem for RO desalination plants.'?
Many conventional pre-treatment processes fail to protect the
desalination plant from biological materials in the feed water that
act as nutrients for microorganism at the membrane module
surfaces. This results in biofilms that compromise the function of
the membrane and are hard to remove.'® There exists a real need
for improved pre-treatment strategies and membranes with
reduced adhesion for biological materials, and improved chemical
and mechanical robustness for membrane tolerance of cleaning
strategies.

Scaling is another problem that often affects RO desalination
plants and occurs when the salt concentration becomes saturated
and forms crystals on the membrane surfaces.'? Scales that are
often deposited on RO membranes include calcium sulfate,
calcium carbonate, barium sulfate, and silicates. Industry has
developed three techniques that have been applied to mitigate
scaling problems. These are addition of antiscalant, alteration of
feed water properties and optimization of process design.'” The
most popular preventative method for scale formation is the
addition of an antiscalant due to limitations of the other methods.
Acidification is used to adjust the pH of feed waters in order to
change the solubility of scale, but with care not to promote the
formation of sulfate scales." To optimize operating parameters,
scaling is reduced by lowering product recovery, however this has
economic impacts as the efficiency of the plant is reduced.'?

Fluctuations in the feed from pre-treatment to a desalination
unit, monitored in terms of silt density index (SDI), also impact on
the efficiency of the process with the need for frequent
backwashing, higher rates of chemical consumption for coagulant
and pH adjustment, and blocked media filters faced.'> Conven-
tional pre-treatment processes can be susceptible to changes in
the quality of the raw seawater with seasonal variations due to
climatic conditions such as dust storms and wind. The failure to
treat feed waters with extreme SDI causes severe deterioration of
RO membranes. In order to better manage fluctuation in feed
quality in terms of pH, temperature, alkalinity, natural organic
matter, and turbidity, the pre-treatment of desalination plants can
be modified with changes in the pH adjustment and coagulant
dosing rates alongside fine tuning of backwashing procedures.'*
However, these reactive procedures are difficult to control and
allow slight improvements in the efficiency of water treatment.
More must be done in terms of process design and membrane
material development in order to widen the tolerances of
membrane processes challenged with waters of different qualities.

Advanced membrane technologies

Looking to the future, there are key areas where technology is
emerging that will reduce the limitations of membranes and
significantly impact on the efficiency of water treatment and
potable water production. In the authors’ opinion, these areas
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include advanced membrane materials, forward osmosis, biomi-
metic membranes, membrane distillation, and hybrid membrane
systems. Integrated or hybrid membrane systems are an interest-
ing option for membrane technologists and have been demon-
strated to improve water treatment and desalination compared to
conventional systems.”””"” A hybrid membrane system as it's
name suggests is a process that brings together a membrane
filtration unit with other processes such as coagulation, ion-
exchange adsorption, or another membrane system. The effi-
ciency and choice of component processes depend mainly on the
qualities of the feed water and the product water. Thus, each
water treatment/RO desalination plant potentially requires a
different combination of hybrid and pre-treatment processes.
For example, a seawater of poor quality requires extensive pre-
treatment upstream to the RO membrane, while a good grade of
groundwater requires only simple coagulation prior to an NF
membrane system to produce potable water.'?

Forward osmosis has been a controversial technology that
when it first emerged gained a lot of researcher’s attention
because of its energy efficiency promise. However, the technical
challenges of the technology have meant that this promise has
been subdued, and more realistic goals have been ascribed. What
is not in dispute is that FO presents an advantage over RO in that
it does not require a hydraulic pressure as driving force; FO has a
concentrated solution that creates an osmotic pressure gradient
across a semipermeable membrane that draws fresh water from
the feed solution.'®' Thus, FO has joined the tool box for
membrane treatment of water and for some feeds for desalination
this will be of benefit. However, with the caveat that FO does
require energy, thus to reap the benefits the process must be
coupled to an economic energy source, such as the discharged
heat of a power plant.

Membrane distillation (MD) promises to provide attractive
features for the desalting of highly saline waters.?® However,
optimization of MD is still dominated by laboratory studies and
industrial scale research is limited. This needs to be addressed for
the advantages of MD to be realized. MD is a thermally driven
separation based on an MF membrane process, in which only
vapor molecules pass through a hydrophobic membrane with a
driving force created by a vapor pressure difference between the
membrane surfaces. In comparison to conventional processes, MD
has lower hydrostatic pressures and operating temperatures (the
water is not necessarily heated to boiling point).?° In addition, the
cost of materials is reduced as plastics can be used, thus
alleviating corrosion problems.

Biological cells arguably possess the best apparatus for
separation processes, and thus are a source of inspiration and
molecular devices for water treatment. Indeed, recent develop-
ments in desalination research have produced bio-inspired
membranes with very high water permeability, salt rejection,
and stability.”' Most success in bio-inspired membranes has
exploited aquaporins that are transport proteins located in living
cell membranes. Aquaporins are selective channels, which can
reject virtually everything apart from water, and are capable of
transporting up to one billion water molecules per second with a
permeability that is 5-1000 times greater than those of conven-
tional membranes.?’ The use of proteins to fabricate synthetic
membranes raises issues related to stability of the protein
structure and its functionality; any disruption of the protein
structure during membrane fabrication and/or operation will
compromises the aquaporins activity. Aquaporin-based mem-
branes fabricated via interfacial polymerization have recently
shown stable performance over months and have been commer-
cialized.?* However, major technical challenges remain that need
to be addressed including stability of aquaporins during extrac-
tion, membrane fabrication, and operation in high salinities, such
as seawater, and the development of cleaning chemicals that can
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be tolerated by the labile biomimetic membrane to allow the
removal of fouling and scaling.?’

Membranes can be fabricated and/or modified using a large
number of materials that install the advantages of control over
selectivity and the potential to tailor membrane performance.
Thus, a lot of research has focussed on the area of advanced
membrane materials (AMM) to enhance resistance to extremes in
process conditions and improve resolution of mixtures.®'® This
strategy is highly successful as there is no need for the
development and optimization of process equipment; the
materials of membranes already operating at scale can be
modified. In many cases the development of AMMSs has looked
to polymer blending and nanocomposite polymers to change the
chemical and mechanical functionality of the membrane surface.
A major initiative for AMM research has been on graphene, which
has triggered much excitement and promise.?*** Graphene
consists of a two-dimensional monoatomic-thick building blocks
of a carbon allotrope. Compared to carbon nanotubes and carbon
fiber, it has a higher aspect ratio and surface area. This infers
better mechanical, thermal, and electrical properties on graphene,
which can be exploited for fabrication of materials for water
treatment in terms of both absorbents and membranes with
improved functionality and efficiency.?® Another advantage is that
graphene oxide and reduced graphene oxide are easily synthe-
sized through chemical exfoliation of graphite, without the need
for metallic catalysts or sophisticated apparatus and any further
purification steps. In recent laboratory studies, graphene and its
derivatives have been used in both RO and FO desalination.?
Single-layer porous graphene can be used as a desalination
membrane with pores of controllable size, with impressive water
fluxes and nearly 100% salt rejection rates, when operated under
hydraulic or osmotic pressure. The properties of graphene can also
be imparted to polymeric membranes by fabrication of nano-
composite membranes. Such membranes have demonstrated
high hydrophilicity and anti-fouling properties against proteins
and bacterial cells.** Graphene and its derivatives have also
enhanced the mechanical performance of membranes during
operation and cleaning, achieved by very low filler amounts in the
polymer matrix of the membrane.

CONCLUSION

To conclude this article, we believe that membrane-based
technologies are essential for the future of water treatment. There
are a number of advanced technologies that we believe are key for
the sustainable production of fresh water and these include forward
osmosis, hybrid systems, and membrane distillation. However, it is
research on advanced membrane materials which currently provide
the most promise as this aims to improve the functionality of
membranes already operating at economically viable scales. We
hope the reader is inspired to investigate further the technologies
we have identified that exhibit the potential to meet the challenges
and opportunities now faced by the global community in terms of
sustainable and cost-efficient water production.
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