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Abstract

Forward Osmosis (FO) over the past five years has generally attracted more attention, both academically
and commercially, with a number of companies raising finance on the back of its potential. The process
exploits the natural process of osmosis, which is how plants and trees take up water from the soil — a low
energy, natural process. It works by having two solutions with different concentrations (or more
correctly different osmotic pressures) separated by a selectively permeable membrane, in the case of the
plants and trees their cell walls, and ‘pure’ water flows from less concentrated solution across the
membrane to dilute the more concentrated solution, leaving the salts behind. The clue in the potential
applications is that it is widely used in nature, however it is only relatively recently that its full potential
has begun to be recognised industrially. It can be used on its own or in combinations with other
processes, for example desalination, concentration and renewable power generation.
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| INTRODUCTION

Osmotically driven membrane processes (ODMPs) or forward osmosis (FO) processes may not
currently be ‘main stream’, but it is apparent that they are increasingly becoming a topic of some
interest. National Geographic [1] in an article in April 2010 cited it as one of the three most promising
new desalination technologies and at the last IDA World Congress in Perth, Australia in 2011, six papers
were published on this subject. In the Journal of Membrane Science the number of papers published has
seen a very significant increase over the last three years (24 in 2012), showing the increasing level of
academic interest. We have also seen the emergence of a number of commercial organisations with
significant funding to develop and exploit the technology such as, Hydration Technology
Innovations Inc, Modern Water plc, Oasys Water Inc, Statkraft AS and Trevi Systems Inc.

So why this interest in forward osmosis, or more simply just osmosis, given that it has been used in
nature for rather a long time by, plants, trees, sharks and human cells to name just a few? It also takes
place as drawback when a reverse osmosis plant shuts down and the permeate flows back across the
membrane to dilute the feed solution, so this should give some clue as to its potential.

The process, just like reverse osmosis (RO), requires a selectively permeable membrane separating two
fluids with different osmotic pressures and was first observed by Albert Nollet in 1748 [2]. If the
solvent is water then effectively almost pure water flows from the fluid of lower osmotic pressure to
dilute the fluid of higher osmotic pressure. The process in its pure form takes place at atmospheric
pressure, with variations such as pressure enhanced osmosis and pressure retarded osmosis. These are
simply illustrated in Figure 1.

Figure 1: Osmotic Processes
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It is worth reminding ourselves just what forward osmosis can do:

e |t can dilute a solution of higher osmotic pressure with a solution of lower osmotic pressure.
e It can concentrate a solution of lower osmotic pressure with a solution of higher osmotic
pressure.
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So why might this be useful? One key element is the dilution/concentration process takes place across a
selectively permeable membrane, at low pressure and the ions are rejected in both the direction of
forward flow and reverse flow. However in the case of FO there is diffusion of solutes in both
directions and in the reverse direction we talk about back diffusion. The process is inherently less prone
to fouling than pressure driven membrane processes and depending on how and if the osmotic agent /
draw solution is recovered has a direct affect on the energy consumption of the overall process when it is
fully integrated.

The process has considerable potential across a wide variety of applications; emergency drinks [3],
power generation [4], enhanced oil recovery [5], produced water treatment [6], fluid concentration [7],
thermal desalination feedwater softening [8], water substitution [9] and desalination [10]. However only
a few of these applications have been currently commercialised; emergency drinks, produced water
treatment, desalination and water substitution.

This paper outlines some of the aspects of this process and its derivatives, with regard to key issues,
concepts and some applications.
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1 BASIC PRINCIPLES

Forward osmosis, direct osmosis or just osmosis is the transport of a solvent (normally water) across a
selectively permeable membrane from a region of lower osmotic potential to a region of higher osmotic
potential. During this process the solute or solutes are rejected by the membrane, in the same way as a
reverse osmosis membrane. The osmotic pressures of some common solutions are shown in Figure 2,
for reference
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Figure 2: Osmotic pressures of various solutions. Taken from [11].

2.1  Solvent Transport
Solvent transport can be expressed as:
J, = A(Ax — AP) (1)

Where J,, is the water flux across the membrane (in this case signed as positive in the direction of
osmotic flow), 4 is the water permeability coefficient, Az is the osmotic pressure difference across the
membrane and AP is the hydrostatic pressure difference.

Lee et al. [12] characterised various osmotic processes, defining Forward Osmosis (FO) when AP = 0,
Pressure Retarded Osmosis (PRO) as Az > AP and Reverse Osmosis (RO) when AP > Az. For practical
purposes there are few situations where forward osmosis occurs with this definition (no applied
hydraulic pressure on either side of the membrane) and more recently it is generally been assumed that
FO relates to water treatment applications and PRO relates to osmotic power applications or applications
where the membrane active layer faces the draw solution. What is not defined by Lee et al. is the case
where hydraulic pressure is applied to the draw solution, Pressure Enhanced Osmosis (PEO) (or
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Pressure Assisted Osmosis (PAQO)). For the purposes of this paper Forward Osmosis is a general
description given for all osmotically driven membrane processes (ODMPS).

A
< | Fluxreversal N
= point
[ (Ap = AT)
9 Reverse
g > Osmosis
(Ap > Am)
o
e 0 AP
Pressure
~  retarded
Osmotically ) 0sSmosis
driven membrane < 4— Osmosis Ap = 0 - (ATT > Ap)
PR Pressure
‘ (ODMPs) ‘o >~  enhanced
Forward Osmosis OSmIOSIS
N J

Figure 3: Relationship between water flux, osmotic pressure differential and hydraulic pressure differential, showing
the family of osmotic membrane process for an ideal semi-permeable membrane. Adapted from [12]

2.2  Solute Transport
The solute flux (J;) for each individual solute can be modelled by Fick’s Law:
J, = BAc (2)

Where B is the solute permeability coefficient and Ac is the trans-membrane concentration differential
for the solute. It is clear from this governing equation that a solute will diffuse from an area of high
concentration to an area of low concentration. This is well known in reverse osmosis where solutes
from the feedwater diffuse to the product water, however in the case of forward osmosis the situation
can be far more complicated.

In FO processes we may have solute diffusion in both directions depending on the composition of the
draw solution and the feed water [13, 14]. This does two things; the draw solution solutes will diffuse to
the feed solution and the feed solution solutes will diffuse to the draw solution. Clearly this phenomena
has consequences in terms of the selection of the draw solution for any particular FO process. For
instance the loss of draw solution may have an impact on the feed solution perhaps due to environmental
issues or contamination of the feed stream, such as in osmotic membrane bioreactors. Conversely the
draw solution may be contaminated from solutes that may foul or scale when the draw solution is
recycled.
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2.3  Concentration polarisation

This phenomenon and its impact on the net driving osmotic pressure is one of the most significant
factors in osmotically driven processes, primarily because of the membrane support layer.

In forward osmaosis the feedwater solution becomes more concentrated on one side of the membrane and
the draw solution becomes more diluted at the other, this effectively reduces the differential osmotic
pressure and therefore the solvent flow. The magnitude of these affects depends on the nature of the
membrane and its orientation.

The solvent flux is described in Eq. (1) and the net driving osmotic pressure is in reality across the active
layer of the membrane and not the bulk osmotic pressures of either the feed or draw solutions. It has
been found that actual fluxes are significantly lower than that predicted from Eq. (1), which has been
attributed to external concentration polarisation (ECP) which takes place on the dense layer and internal
concentration polarisation (ICP) which takes place within the porous support layer, as illustrated in
Figure 4. ICP is the most important consideration.

If the membrane is of the asymmetric type, with a support layer, then the support layer inhibits the
affects of turbulence. If the feed solution faces the support layer the reduction in net driving osmotic
pressure is accounted for by concentrative internal concentration polarisation and where the draw
solution faces the support layer this phenomena is termed dilutive internal concentration polarisation.
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Figure 4: Dilutive and concentration internal polarisation concentration
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Loeb et al. [15] introduced a simplified equation to model concentration polarisation based on the
models that were developed by Lee et al. [12], for water fluxes in FO without consideration of the
membrane orientation and any applied hydraulic pressure:

Jw=Lpn Fue ©)
K 7Z—L()w

Where K is the solute diffusion resistance within the membrane support layer, z; and x;,,, are the bulk
osmotic pressures of the draw solution and feed solution respectively and K is defined as:

Ko tt _ S
eD, D,

N

(4)

Where ¢ is the membrane thickness, 7 is the tortuosity, ¢ is the porosity, Dy is the diffusion coefficient for
the solute and S is the structural parameter. The structural parameter (S) is an important intrinsic
parameter of the membrane in that it directly affects the magnitude of internal concentration polarisation
and as such the magnitude of the flux. On this basis, thin, open structured membranes make better
forward osmosis membranes than thick tortuous membranes. Further considerations to be modelled
include the size of the solute molecules relative to the pore size, these and other factors are summarised
by Zhao et al. [16].
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Il MEMBRANE FOULING

This is a key differentiator between osmotically driven processes and reverse osmosis, which has been
investigated by a number of academic researchers and reported by commercial organisations based on
real operating experience. The general conclusion is that fouling under FO conditions is less than under
a pressure drive RO process and moreover is often entirely reversible.

Cath et al. [17, 18] studied fouling in FO for long term space missions, where they reported there was no
sign of flux reduction as a result of membrane fouling, thus giving the first indication of the low fouling
propensity of the process.

Cornelissen et al. [14] used an osmotic membrane bio reactor system to treat activated sludge, where
they reported that neither reversible nor irreversible fouling was observed when the membrane active
layer was facing the sludge.

Lee et al. [19] reported in a comparison between forward osmosis and reverse osmosis organic fouling
that organic fouling under FO conditions could be controlled entirely by increasing the cross flow
velocity on a flat sheet membrane, while no noticeable change was observed for the RO system.

Holloway et al. [20] compared FO and RO membrane fouling (operating at the same initial flux rates)
when investigating the concentration of anaerobic digester centrate. They reported that the rate of flux
decline was higher with RO than FO and that the FO fouling was reversible, whereas the RO fouling
was not. They further speculated that the reason for both the lower rate of fouling and its reversibility
was due to the affects of hydraulic pressure on the foulants on the membrane surface, which occurs
rapidly in RO.
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Figure 5: Relative water flux as a function of water produced for three experiments, including one chemical clean
each. Taken from [20].
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Thompson and Nicoll [10], compared a seawater reverse osmosis plant operating in parallel with a
FO/RO desalination plant , using a common pre-treatment in Oman and also reported on a FO/RO plant
in Gibraltar, where there was no requirement to chemically clean the FO/RO plant but there was in the
case of the reverse osmosis plant. What was not reported by Thompson and Nicoll but was subsequently

reported by Nicoll [21] was that the membrane active layer was on the seawater side of the membrane
and the membrane was in a hollow fibre configuration.
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Figure 6: Comparison of a FO membrane system and a RO membrane system operating on a common feed water.
Taken from [10].

The potential reasons for the lower fouling propensity were investigated by Lay et al. [22], where it was
suggested that the low water fluxes, the use of hydrophilic and smooth membranes and the effect of
internal concentration polarisation that is inherent to FO, were behind this phenomena.

There is much to understand, however it is clear that FO does have inherently lower fouling compared to

reverse osmosis and it is this aspect where there is much potential when operating on extremely
challenging feedwaters.
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v APPLICATIONS

There are a wide range of applications that either have been put into practice, albeit on a relatively small
scale and with relatively few real references or at lab scale, however we have seen in recent years a
significant increase in the number of papers published both in peer and non peer reviewed form. Some
of these are described with the aim of showing the diverse range of applications that forward osmosis
processes may be deployed. Some of these are single step processes, where only forward osmosis is
deployed with no recovery of the draw solution and others incorporate a recovery of the draw solution.

Table 1: Commercial status — applications. Adapted and updated from [23]

Company Primary Current Applications Status

Forward Water Technologies | Desalination Development

Hydration Technology Emergency drinks Commercial

Innovations Frac water make-up / flow back water | Commercial
concentration

IDE Technologies Osmotic Power Pre-commercial

Modern Water FO/RO Commercial
FO - cooling tower make-up Commercial
Thermal desalination feed water softening | Development

Oasys Water Brine concentration Commercial

Statkraft Osmotic Power Pre-commercial

Trevi Systems Desalination Commercial

4.1  Osmotic power generation

In 1954 Pattle [24] suggested that there was an untapped source of power when a river mixes with the
sea, in terms of the lost osmotic pressure, however it was not until the mid *70s where a practical
method of exploiting it using selectively permeable membranes by Loeb [25] and independently by
Jellinek [26] was outlined. This process was referred by Loeb as pressure retarded osmosis (PRO) and
one implementation of it is shown in Figure 7. Some situations that may be envisaged to exploit it are
using the differential osmotic pressure between a low brackish river flowing into the sea, or concentrated
brines from a solar pond and seawater [27]. The worldwide theoretical potential for osmotic power has
been estimated at 1,650 TWh / year [28].
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Figure 7: PRO power plant incorporating pressure exchanger and feedwater recirculation

The power that may be generated per unit of membrane area (/) is the product of water flux and
hydrostatic pressure of the higher osmotic pressure (saltier) solution:

W =J AP = A(Ar — AP)AP )

Differentiating equation (5) with respect AP shows the maximum power per unit membrane surface ()
occurs when the differential hydraulic pressure is equal to Az/2 (illustrated in Figure 8), hence:

(6)

The maximum power per unit flux is obtained at the maximum hydrostatic pressure.

The International Desalination Association (IDA)
World Congress on Desalination and Water Reuse
REF: IDAWC/TIAN13-445
11 --



" F 29 Sample 1, 23.5 g/ NaCl
20 * Flux (measured) [mZh] 2

— Flux (calculated ) [im?h]
0 Spec. power (measured ) a’mzl
-Spec. power (calculated ) [W/m?2

15{“ | s e 15 €
£ NV Mg "5
£ \7< ' -
TN [k
& : o
g 5 / \“‘ A E

w

‘\\ \ 05

0¥ 0

0 2 4 6 8 10 12 14 16 18
PS [bar]

Figure 8: Example of specific power and flux versus pressure (PS) on the salt water side of the membrane.
Figure taken from [4]

In more recent times a significant amount of research and development work has been undertaken and
funded by Statkraft, the Norwegian state energy company. A prototype plant was built in Norway
generating a gross output between 2 — 4 kW [28]. A much larger plant with an output of 1 — 2 MW was
being developed at Sunndalsgra, 400 km north of Oslo [29], however Stakraft subsequently announced
on the 20 December 2013 that development was being halted due to more favourable economics of other
generation technologies [30]. It is also understood that the New Energy and Industrial Technology

Development Organisation (NEDO) in Japan is funding work on osmotic power and in particular
membranes [31, 32].

Figure 9: Prototype osmotic power plant, Tofte, Norway. (Photo: Damian Heinisch / Statkraft).
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4.2 Desalination / Concentration

To produce desalinated water using a forward osmosis process, there is always at least two steps (the
first is FO) with the second step to separate the draw solution / osmotic agent to provide the desalinated
water, as simply illustrated in Figure 10. The subsequent step or steps are dependent on the nature and
type of draw solution used. It has been suggested that this may involve precipitation, thermal
breakdown, membrane separation or magnetism for example. This basic process scheme may also be
used for dewatering and/or concentration of the feedwater stream without phase change, so to think of it
as just a desalination process is somewhat restrictive.

Reject from forward

Feedwater osmosis system
STEP 1
T i T
| |
| |
T M
|
| |
| |
! Forward Osmosis System |
Diluted Concentrated
Osmotic Agent STEP 2 Osmotic Agent

Regeneration / Separation

1 System

Product Water

Figure 10: Simplistic desalination or dewatering / concentration process

4.2.1 FO coupled with thermal regeneration / separation

It is self evident that the second step referred to in Figure 10 could be an evaporation process, where the
draw solution is composed of water soluble salts, such as multiple effect distillation or multi stage flash
distillation. There are a number of advantages that could be cited for such a process, such as a reduction
in scale forming compounds, which would allow an increase in operating temperature and hence
depending on configuration a higher gained output ratio (GOR).
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Another method is to use thermolytic salts, which when heated decompose into volatile gases, such as
CO; and NHj3 as described by McCutcheon et al. [34,35], illustrated in Figure 11 and subsequently
deployed as a demonstration for brine concentration by Oasys Water Inc [36]. The use of thermal
decomposition allows the use of very high pressure osmotic solutions since the regeneration step is done
by a thermal method rather than a membrane separation, which for practical large scale applications is
restricted by the availability of high pressure reverse osmosis membranes.

This process requires heat which is supplied at 70°C [36], so the economics of the process are clearly
dependent on the value of the heat supplied to the process and any subsequent processing required to
remove contaminants in the product water such as ammonia from the draw solution and salts that have
diffused from the feedwater.

Condenser Distillaticl
Absorber | ~Coltimh

_ Stripper

Concentrated Product
Brine Water

Figure 11: Ammonia-carbon dioxide forward osmosis process. Taken from [37]

Inversely soluble polymers may also be used as a draw solution, which on heating become less soluble
and may therefore be partially separated from the water using a coalescer, followed by subsequent
membrane treatment of the product stream to remove any residual draw solute. Such a system has been
developed by Trevi Systems [39] using a low molecular weight copolymer diol solute as the draw
solution and is illustrated in Figure 12.
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Figure 12: FO desalination system using inversely soluble copolymer diol draw solution. Taken from [40]
4.2.2  FO coupled with reverse osmosis
There are numerous applications of this combination of processes, ranging from leachate concentration

[38] to desalination [10] and osmotic membrane bio reactors [14]. The basic concept is shown in Figure
13, where there are two steps; the first FO and a second recovery and separation step using RO.

Reject from forward
osmosis system

Feedwater

Diluted Concentrated
Osmotic Agent Osmotic Agent

A 4

Product Water
Figure 13: Basic FO/RO desalination process. Taken from [21]

The merits and demerits of this process depend on the application, but what is common to them all is the
low fouling propensity of the FO step, which is outlined in Section I1l. The RO step is fed with a draw
solution, which should be free of all particulates and membrane foulants given the FO step.
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It is claimed [21] that the process when used for desalination has a lower energy consumption than a
reverse osmosis plant coupled with advanced pre-treatment including ultra-filtration, when operating on
difficult feedwaters. This is based on the different rates of irreversible performance decline for reverse
osmosis depending on the feedwater and where the RO step in the FO/RO combination can operate at
higher recovery than the RO step alone. Thompson and Nicoll [10] and more recently Nicoll [21] have
reported results from three FO/RO plants located in Gibraltar and Oman (Figure 14), two of which
operate as commercial desalination plants.

Figure 14: FO/RO desalination plant (100 m%day) at Al Khaluf, Oman. Taken from [21].

4.3  Cooling tower make-up water

Evaporative cooling requires significant amounts of good quality water to replace the water lost by
evaporation, drift and blowdown. This water may be provided by conventional desalination processes or
by the use of tertiary treated sewage effluent, in particular in the Middle East region and India. This
process effectively changes the recirculating feed water into a draw solution, so that the make-up water
is drawn across a forward osmosis membrane. As there is contamination of the draw solution from ions
transferred across the forward osmosis membranes and from possible contaminants in the air, a blow
down recovery system is employed to retain the draw solution but remove contaminate species such as
monovalent ions. Nicoll et al. describe the development and testing of this system [9], where it is also
claimed that the draw solution kills Legionella pneumophila, yet the draw solution was non toxic.

The process is effectively osmotic dilution and hence has a very low energy consumption, as illustrated
in Figure 16.
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Figure 15: Evaporative cooling make-up water system using forward osmosis. Adapted from [9].
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Figure 16: Power consumption of FO relative to RO. Adapted from [41].
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4.4 Emergency Drinks

FO can be used to make a sugar drink from a seawater, brackish or impaired water source and is one of
the few current commercial applications of FO, which was originally developed for the US military [42].
A sugar solution (dextrose and fructose [43]) is contained within a bag (Figure 17) acts as a semi-
permeable FO membrane. In this way when the bag is immersed in an aqueous solution, water
gradually flows through the membrane to dilute the drink, which can then be consumed. The process
can take a long time, for instance 10 to 12 hours [44] for personal use and as such a number of these
pouches need to deployed to provide a continuous source of water. Larger systems using a replaceable
draw solution have also been used in disaster relief situations.

Figure 17: Osmotic hydration bag before use

45  Fertigation

This is another example of osmotic dilution (Figure 18), where investigations [45, 46] have been made
to dilute liquid ferilisers across a forward osmosis membrane, using brackish water feed. The main issue
that has been found is that the concentration of the fertilizer after it has been diluted may be too high and
that reverse solute diffusion must be considered in particular when the fertiliser contains nitrogen or
phosphorous which may lead to eutrophication in the receiving body.
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Figure 18: Initial design concept of the fertilizer drawn forward osmosis desalination for direct fertigation. Taken
from [45].
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4.6  Fracture water make-up using flow-back water

This application [47] has been deployed by Hydration Technology Innovations and Bear Creek Services
for the combined concentration of well flow back water, to reduce its volume prior to subsequent
treatment/disposal, and the production of water to prepare the fracking solution. The concentrated
fracking solution acts simply as the draw solution and the basic process is illustrated in Figure 19, with
an example of a mobile unit in Figure 20 .

Frac Water
Additives
J Frac Tanks
Diluted AN >
KCI solution
Concentrated
KCI (or NaCl)
(Draw Solution) ‘@‘
Frac Pumps

(RN

Forward Osmosis System
Well Flow Back Water

Concentrated flow-back water
for subsequent treatment / disposal

Figure 19: Fracture water preparation using flow back water

Figure 20: Mobile fracture water preparation / flow back water concentration unit. Taken from [47]
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\Y MEMBRANES

Forward osmosis membranes, conceptually can have similar configurations to conventional ultra
filtration or reverse osmosis membranes. They can be flat sheet, plate and frame, spiral wound (Figure
21), tubular or a hollow fibre configuration (Figure 22). In the same way as there are advantages and
disadvantages to particular configurations for conventional membranes the same is true for forward
osmosis membranes. Unlike conventional membranes a forward osmosis membrane has four flow
connections (feed in, concentrated feed out, draw in, dilute draw out), this means in certain applications
pressures may be generated by flow and process conditions on the membrane.

Concentrated
Feed Out

Draw Solution Out

Draw solution In

Figure 21: Flow patterns in a spiral-wound module for FO, with the feed solution flowing through the membrane
leaves. Taken from [48].

Diluted Draw Solution Out

Concentrated
Feed Out = I I i L]
— — —
Draw Solution In l I l
= i I =

Figure 22: Tubular or hollow fibre membrane element configuration

As is well known in reverse osmosis, membranes of a flat sheet / spiral wound configuration have to be
protected from pressures within the internal leaves of the membrane (similar to the conventional product
spacer), so that glue line tearing is prevented. A tubular or hollow fibre membrane is not susceptible to
this, as it is self supporting and as such hydraulic pressure may be applied to either the outside or inside
of the membrane.
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At the current time there appears to be only one membrane manufacturer with commercially available
membranes (Hydration Technology Innovations), with others in either a development or pre-commercial
state, as outlined in Table 2

Table 2: Forward osmosis membranes commercial status

Company

Membrane Type

Status

Aquaporin A/S

Aguaporin

Pre-commercial [50]

GKSS Forschungszentrum

Thin film composite

Development [4]

Hydration Technology

Cellulose acetate, thin film

Commercial [51]

Innovations composite

Nagare Membranes Carbon nano tube Development [52]
Nitto Denko Unknown Development [53]
Oasys Water Thin film composite Pre-commercial [54]
Porifera Thin film composite Pre-commercial [55]
Toray Thin film composite Development [31]
Toyobo Cellulose tri-acetate, Pre-commercial [33]

hollow fibre
Woojgin - CSM Thin film composite Development [56]

There have been a number of academic articles published in the last few years covering a wide variety of
membrane active layers and support layers, classified into three main categories; phase inversion-formed
cellulosic membranes, thin film composite membranes and chemically modified membranes, as
summarised by Zhao et al. [57]

The membrane structure for a ‘good” FO membrane is quite different from a RO membrane in that one
of the key parameters that affects performance is internal dilutive concentration polarisation within the
porous support layer as outlined earlier. This means that the membrane needs to be as thin as possible,
with a porous open structure and low tortuosity. Figure 23 shows the comparison between a membrane
specifically produced for forward osmosis applications and another (of the same material) for reverse
0SMoSis.

Figure 23: SEM images of (a) FO CA membrane and (b) a RO CA membrane. (1) is the dense selective layer and (2)
is the support layer. Taken from [58]
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Vi DRAW SOLUTIONS

The selection of a suitable draw solution is critical to the successful application of forward osmosis
based processes, in particular processes where the draw solution needs to be recovered and its
concentration maintained by dosing. Ideally it should have the following characteristics:

Non toxic

Low cost

Easily recoverable / regenerated with a low energy input

High osmotic pressure at low concentrations

High solubility

Low viscosity

Low reverse solute diffusion (back diffusion of the draw solution to the feed solution)
Not adversely affected by contamination of ions from the feed solution

Minimal effect on internal concentration polarisation

This list of desirable characteristics is rather difficult to achieve, so in practice a compromise solution
tends to be adopted. The selection and characterisation of draw solutions has been the subject of some
research, with inorganic salts, organic salts and synthetic materials (such as solutions containing
magnetic nanoparticles) being studied. However in terms of currently deployed commercial or near
commercial applications, these have used either inorganic or organic salts.

Achilli et al. [59] investigated inorganic based draw solutions and concluded that in terms of
performance CaCl,, KHCOj3, MgCl,, MgSO,4 and NaHCO3 ranked highly and from a replenishment cost
analysis KHCO3, MgSO,, NaCl, NaHCO3; and Na;SO.. Using their criteria KHCO3;, MgSO,4 and
NaHCOg; ranked high on both criteria. However as Achilli et al. point out, the actual selection criteria is
dependent on the application and the interaction with the different streams. Some examples of this
include reverse solute diffusion that may contaminate or damage a feed stream that is being concentrated
using FO or if there are scale precursors in the feed solution that may contaminate the draw solution,
although what they don’t point out is that antiscalants and antifoulants can be added to the draw solution
as disclosed by Sharif et al. [60].

Ge at al. [61] provide a review article of a wide range of different draw solutions that have been reported
in the literature.
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V. CONCLUSIONS

This paper should give some insight into the wide range of applications that osmotically driven
membrane processes may be applied to, this is far from exhaustive and depends not just on thinking of
how it may be applied but also the development of membranes and suitable draw solutions.

Forward osmosis occurs with no external applied pressure and therefore little energy loss, this coupled
with an inherently low fouling compared to pressure driven membrane processes, gives some indication
of the potential. There are relatively few current commercial applications, but this is expanding.

The basic concept is simple, but the implementation is more challenging and in particular where the
draw solution needs to be recovered as is the case for desalination / concentration type applications.

Osmotically driven membrane processes are rather more complex than pressure driven reverse 0Smosis
in that there are complex interactions between the feed and draw solutions and the membrane structure,
which can significantly reduce the solvent flux. A low structural parameter of the membrane is
particularly important in minimising the effects of internal concentration polarisation both concentrative
and dilutive.

Our industry tends to be conservative in outlook and while new technologies are adopted this takes some
considerable time. Momentum is now beginning to be gathered with increasing commercial interest in
the development of applications and membranes, but this cannot be done in isolation. To accelerate the
development of these processes requires champions, whether they be government or private
organisations and in this way we will see osmotically driven processes being more widely adopted. We
as an industry already have the skills and knowledge to successfully deploy reverse osmosis, after
solving the performance issues that were prevalent in the late 80s and early 90s, we can use this
expertise in the successful deployment of osmotically driven membrane processes, in all their flavours.
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