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osmosis (PRO), and membrane capacitive deionization (MCDI) that require controlled water
and salt transport. Key developments in the field of water and salt transport in polymer
membranes are reviewed, and a survey of polymers considered for such applications is pro-
vided. Many polymers considered for such applications contain charged functional groups,

ﬁg;zg;g; such as sulfonate groups, that can dissociate in the presence of water. Water and ion trans-
Transport port data from the literature are reviewed to highlight the similarities and differences
lonomer between charged and uncharged polymers. Additionally, the influence of other polymer
Water permeability structure characteristics, such as cross-linking and morphology in phase separated systems,
Salt permeability on water and salt transport properties is discussed. The role of free volume on water and
Desa““f‘“o“ salt transport properties is discussed. The solution-diffusion model, which describes the
Separation transport of water and ions in nonporous polymers, is used as a framework for discussing
structure/property relations in polymers related to water and salt transport properties.
Areas where current knowledge is limited and opportunities for further research are also

noted.
© 2013 Elsevier Ltd. All rights reserved.
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1. Introduction

Two inexorably intertwined, pressing global challenges
are providing: (1) sufficient clean water to satisfy agricul-
tural, industrial, and municipal needs, and (2) reliable and
efficient access to clean energy to support ever-increasing
demands [1-7]. These issues are highly interconnected
because thermoelectric power generation, which accounts
for 89% of the energy produced in power plants in the
U.S. [8], requires large volumes of purified water [4,9],
and energy is invariably required to purify water. In 2005,
approximately 50% of all water used in the United States
was for power generation at thermoelectric power sta-
tions [10]. Future thermoelectric power plants in the U.S.
are projected to require as much as an additional 2.6 bil-
lion gallons of water per day by 2030 (a ~40% increase
from 2010) [11]. Furthermore, production of oil and nat-
ural gas through operations such as hydraulic fracturing
can consume millions of gallons of water per well and gen-
erate substantial amounts of flowback water, which must
be purified or otherwise managed [9,11,12]. Additionally,
as population growth continues and fresh water sources
become more scarce, we will rely more heavily on desali-
nated water from seawater as well as increasingly saline
inland sources to generate sufficient purified water to sat-
isfy human consumption as well as agricultural and other
needs[2,3,5]. Consequently, improvements in technologies
for energy-efficient water purification are of great inter-
est from scientific, technological, and social viewpoints
[1].

Today, polymer membranes play a key role in address-
ing these needs since reverse osmosis (RO) membranes
are the dominant technology for desalination due, in
part, to their low energy requirement relative to other
technologies [2,5,7,13-17]. Desalination has traditionally
been accomplished using thermal processes to vaporize
water from a saline source and then condense this vapor to
recover pure water [2,18,19]. The specific energy required
to desalinate seawater by thermal technologies such
as multiple effect distillation (MED) and multiple stage

flash (MSF) is approximately 18-30 and 24-37 kWhm~3,
respectively, though these estimates vary widely in the lit-
erature [18,20]. In contrast, the specific energy required for
membrane seawater desalination is less than 4kWhm~3
[3,14,18,20], so membranes require significantly less
energy than conventional thermal technologies. Conse-
quently, membranes are used worldwide to produce over
50% of all desalinated seawater [3].

The scale of water desalination is extraordinarily large.
Membrane desalination plants having more than 10% m?
of membrane surface area are in operation [21]. In 2010,
approximately 16 billion gallons (~61 billion liters) of
desalinated water were produced worldwide per day [5].
To place the extraordinary size of this figure in perspec-
tive, the worldwide production of crude oil (another fluid
processed in large amounts) in 2010 was 3.7 billion gal-
lons (~14 billion liters) per day [22], so the production
rate of desalination of water is more than four times that
of oil. With a theoretical minimum energy requirement
to desalinate seawater at 75% recovery of 1.29 kWhm3
[3], improving the separation properties of membranes
may contribute to even lower energy costs to desalinate
water.

Technologies such as membrane capacitive deioniza-
tion (MCDI) [23-31], electrodialysis (ED) [19,32-37], and
forward osmosis (FO) [38-46], which all could further
enhance the role of polymer membranes in desalination,
are being actively explored. Additionally, membrane-based
renewable energy technologies (e.g., reverse electrodial-
ysis (RED) [47-56] and pressure retarded osmosis (PRO)
[45,47,50,57-62]) can generate electrical energy by har-
nessing the chemical energy inherently released when
streams of different salt concentrations are mixed, for
example where a freshwater river flows into the sea. The
generation of energy from the sea by methods such as RED
and PRO is often called “blue energy”. Because the concen-
trate produced by a seawater reverse osmosis plant has
an even higher salt concentration than that of seawater, a
PRO plant could be fed with this highly saline water and
seawater, thereby providing a membrane-based plant
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