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OSMOTIC SEPARATION SYSTEMS AND METHODS
FIELD OF THE TECHNOLOGY
[0001] One or more aspects relate generally to osmotic separation. More particularly,
one or more aspects involve use of osmotically driven membrane processes, such as forward
osmosis to separate solutes from solutions.
BACKGROUND
[0002] Forward osmosis has been used for desalination. In general, a forward osmosis
desalination process involves a container having two chambers separated by a semi-permeable
membrane. One chamber contains seawater. The other chamber contains a concentrated
solution that generates a concentration gradient between the seawater and the concentrated
solution. This gradient draws water from the seawater across the membrane, which selectively
permits water to pass, but not salts, into the concentrated solution. Gradually, the water entering
the concentrated solution dilutes the solution. The solutes are then removed from the dilute
solution to generate potable water.
[0003] One drawback to forward osmosis systems is the ion exchange phenomena, which
disturbs the ion balance of the system. For example, in a system using a NH;-CO, draw solution
and a NaCl feed solution, Na* and NH," ions will exchange across the membrane, which can
result in a higher salinity product water and increased difficulty in recovering draw solutes.
Some desalination units currently use pre and post-treatment ion exchange or similar processes;
however, that use is typically done to further condition a product solvent and not in an attempt to

overcome these drawbacks, in particular with respect to recovering draw solutes.
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SUMMARY
[0004] Aspects relate generally to osmotically driven membrane systems and methods,
including forward osmosis separation (FO), direct osmotic concentration (DOC), pressure-
assisted forward osmosis, and pressure retarded osmosis (PRO).
[0005] In one aspect, the invention relates to an osmotically driven membrane process
and method of maintaining the ion balance thereof. The process/method includes the steps of
introducing a first solution to a first side of a forward osmosis membrane and introducing a
concentrated draw solution to a second side of the forward osmosis membrane. The
concentrated draw solution has a solute concentration sufficient to maintain an osmotic
concentration gradient across the membrane. The process/method also includes promoting flow
of a solvent from the first solution across the membrane, thereby forming a second solution on
the first side of the forward osmosis membrane and a dilute draw solution on the second side of
the forward osmosis membrane. The second solution includes at least one first ionic species of
solute (e.g., ammonium) via reverse ion exchange through the membrane. Additionally, the
process/method includes directing the dilute draw solution to a separation system and separating
the dilute draw solution into draw solutes and the solvent. The recovered solvent includes at
least one second ionic species of solute; for example, sodium ions (Na*) that exchanged through
the forward osmosis membrane and/or carbonate ions that remain present in the recovered
solvent due to an ion imbalance that prevents all of the draw solutes from being recovered from
the dilute draw solution. The ion imbalance can be a result of the ion exchange occurring across
the forward osmosis membrane. The process/method also includes the steps of recycling the
draw solutes into the concentrated draw solution introduced to the second side of the forward

osmosis membrane to maintain the osmotic concentration gradient therein, directing the
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recovered solvent to a reverse osmosis system, pressurizing the recovered solvent to produce a
purified solvent and a concentrated solution comprising the at least one second ionic species of
solute, and introducing the concentrated solution to the first solution introduced to the first side
of the forward osmosis membrane. The second ionic species of solute balances with the first
ionic species of solute within the second solution to form additional removable draw solutes
within the second solution. Specifically, the various positive and negative ionic species of
solutes are resident within the second solution in equal charge balance. The second solution is
then directed to a separation/recycling system to recover the additional draw solutes. The first
ionic species of solute (or a form thereof) in combination with the second ionic species of solute
(or a form thereof) makes each species of draw solute removable from the second solution.
[0006] Alternatively, the concentrated solution from the reverse osmosis unit can be
introduced to the second solution on the first side of the membrane, the second solution within
the separation/recycling system, and/or the second solution as it is transferred from the first side
of the membrane to the separation/recycling system. In some embodiments, the concentrated
solution from the reverse osmosis unit may have a greater number of total dissolved solids (TDS)
than the first solution, in which case it would be preferable to introduce the concentrated solution
to the second solution downstream of the forward osmosis unit, thereby avoiding the possible
negative impact of the greater TDS on the forward osmosis unit. In some cases, the second
solution may comprise additional ammonium from other sources, which can also be recovered
with the disclosed systems and methods.

[0007] In another aspect, the invention relates to a method of maximizing draw solute
recovery in an osmotically driven membrane system. The method includes the steps of

providing a first osmotically driven membrane system having a forward osmosis membrane and



WO 2012/148911 PCT/US2012/034801

configured for receiving a first solution on a first side of the membrane and a concentrated draw
solution on a second side of the membrane, osmotically separating a solvent from the first
solution using the concentrated draw solution, thereby forming a second solution on the first side
of the membrane and a dilute draw solution on the second side of the membrane. The second
solution includes at least one first ionic species of solute via reverse ion exchange through the
membrane. The dilute draw solution can be directed to a separation/recycling system for further
processing. The method also includes separating the dilute draw solution to recover at least one
draw solute and the solvent. The recovered solvent includes at least one second ionic species of
solute. The method further includes the steps of recycling the recovered at least one draw solute
to the first osmotically driven membrane system; providing a second osmotically driven
membrane system having a reverse osmosis membrane; pressurizing the recovered solvent in the
second osmotically driven membrane system to recover a substantially pure solvent and a
concentrated solution, including the at least one second ionic species of solute; and recycling the
concentrated solution having the at least one second ionic species of solute to the first
osmotically driven membrane system. The concentrated solution is added to the first solution,
thereby resulting in the second solution including the at least one first ionic species of solute and
the at least one second ionic species of solute. The at least one first species of solute balances
with the at least one second species of solute to form additional removable draw solutes. The
method includes the step of separating the second solution to recover the additional draw solutes
and a third solution. The second solution can be directed to a second separation/recycling system
or the separation step can be performed with the same separation/recycling system used with the

dilute draw solution.
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[0008] In various embodiments of the foregoing aspects, the process includes the step of
recycling the additional draw solutes into the concentrated draw solution. In one or more
embodiments, the step of separating the dilute draw solution comprises distillation. The
concentrated draw solution can include at least one thermally removable draw solute and/or
comprise ammonia and carbon dioxide in a molar ratio of at least 1:1.

[0009] In yet another aspect, the invention relates to a system for osmotic extraction of a
solvent from a first solution. The system includes a forward osmosis system with a first chamber
having an inlet fluidly connected to a source of the first solution, a second chamber having an
inlet fluidly connected to a source of a concentrated draw solution, and a semi-permeable
membrane system separating the first chamber from the second chamber; a first separation
system fluidly coupled to the forward osmosis system downstream of the second chamber and
configured to receive a dilute draw solution therefrom and to separate the dilute draw solution
into draw solutes and a solvent stream; a pressure exchanger (e.g., a pump) fluidly coupled to the
separation system and configured to pressurize and transport the solvent stream; a reverse
osmosis system fluidly coupled to the pressure exchanger, wherein the reverse osmosis system
includes a first chamber configured for receiving the pressurized solvent stream, a semi-
permeable membrane coupled to the first chamber, and a second chamber coupled to the semi-
permeable membrane and configured for receiving a solvent fluxed through the membrane. The
first chamber of the reverse osmosis unit is fluidly coupled to the first chamber of the forward
osmosis unit to provide at least a portion of the first solution. The system also includes a second
separation system fluidly coupled to the first chamber of the forward osmosis system and
configured for receiving a concentrated first solution therefrom and removing at least one of

draw solutes and a product stream from the concentrated first solution.
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[0010] In still another aspect, the invention relates to a system for osmotic extraction of a
solvent from a first solution. The system includes a forward osmosis system configured for
receiving a feed solution on one side of a semi-permeable membrane and a concentrated draw
solution on an opposite side of the membrane, a first separation system fluidly coupled to the
forward osmosis system and configured for receiving a dilute draw solution from the forward
osmosis system and separating the dilute draw solution into draw solutes and a solvent stream, a
pressure exchanger fluidly coupled to the separation system and configured to pressurize and
transport the solvent stream, a reverse osmosis system fluidly coupled to the pressure exchanger
and configured for receiving the pressurized solvent stream on a first side of a semi-permeable
membrane and having an opposite side of the membrane for receiving a product solvent fluxed
through the membrane, wherein the first side of the membrane is fluidly coupled to the forward
osmosis unit to provide concentrated, pressurized solvent as at least a portion of the first
solution, and a second separation system fluidly coupled to the forward osmosis system and
configured for receiving a concentrated first solution therefrom and removing at least one of
draw solutes and a product stream from the concentrated first solution.

[0011] In various embodiments of the foregoing aspects of the invention, the system
includes a recycling system in fluid communication with the second separation system for
returning the separated draw solutes to the concentrated draw solution. In one or more
embodiments, the first and second separation systems can include at least one of a distillation
column or a contact membrane. In certain embodiments, the concentrated draw solution includes
ammonia and carbon dioxide in a molar ratio of at least one to one.

[0012] In yet another aspect, the invention relates to a system for osmotic extraction of a

solvent from a first solution. The system includes a forward osmosis system, a pretreatment
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system, and a separation system. The forward osmosis system includes a first chamber having
an inlet fluidly connected to a source of the first solution, a second chamber having an inlet
fluidly connected to a source of a concentrated draw solution, and a semi-permeable membrane
system separating the first chamber from the second chamber. The pretreatment system is in
fluid communication with the source of the first solution and the forward osmosis system. In one
embodiment, the pretreatment system is disposed between the source of the first solution and the
forward osmosis system. The separation system is fluidly connected downstream of the second
chamber to recover at least one of draw solutes or a solvent stream. The separation system can
include at least one of a distillation column or a contact membrane, the separation system
configured to receive a dilute draw solution from the second chamber.

[0013] In various embodiments, the concentrated draw solution includes ammonia and
carbon dioxide in a desired molar ratio of at least one to one. The pretreatment system can
include at least one of a heat source for preheating the first solution, means for adjusting the pH
of the first solution, a filter or other means for filtering the first solution (e.g., carbon or sand
filtration), means for polymer addition, or means for softening the first solution. The system can
also include a post-treatment system in fluid communication with the solvent stream. The post-
treatment system can include at least one of a reverse osmosis system, an ion exchange system, a
second forward osmosis system, a distillation system, a pervaporator, a mechanical vapor
recompression system, or a filtration system. In additional embodiments, the system can also
include a recycling system including an absorber configured to facilitate reintroduction of the
draw solutes to the second chamber to maintain the desired molar ratio of the draw solution.
[0014] In another aspect, the invention relates to a system for osmotic extraction of a

solvent from a first solution. The system includes a forward osmosis system, a separation
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system, and a post-treatment system. The forward osmosis system includes a first chamber
having an inlet fluidly connected to a source of the first solution, a second chamber having an
inlet fluidly connected to a source of a concentrated draw solution, and a semi-permeable
membrane system separating the first chamber from the second chamber. The separation system
is fluidly connected downstream of the second chamber to recover at least one of draw solutes or
a solvent stream. The post-treatment system is in fluid communication with the solvent stream.
[0015] In various embodiments, the concentrated draw solution includes ammonia and
carbon dioxide in a desired molar ratio of at least one to one. The post-treatment system can
include at least one of a reverse osmosis system, an ion exchange system, a second forward
osmosis system, a distillation system, a pervaporator, a mechanical vapor recompression system,
or a filtration system. The system can also include a pretreatment system in fluid communication
with the source of the first solution, for example, the pretreatment system can be disposed
between the source of the first solution and the forward osmosis system. The pretreatment
system can include at least one of a heat source for preheating the first solution, means for
adjusting the pH of the first solution, a filter or other means for filtering the first solution (e.g.,
carbon or sand filtration), means for polymer addition, or means for softening the first solution.
The system can also include a recycling system including an absorber configured to facilitate
reintroduction of the draw solutes to the second chamber to maintain the desired molar ratio of
the draw solution. In some embodiments, the separation system includes at least one of a
distillation column or a contact membrane, the separation system configured to receive a dilute
draw solution from the second chamber.

[0016] In accordance with one or more embodiments, a system for osmotic extraction of

a solvent from a first solution may comprise a first chamber having an inlet fluidly connected to
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a source of the first solution, a second chamber having an inlet fluidly connected to a source of a
concentrated draw solution comprising ammonia and carbon dioxide in a desired molar ratio of
at least one to one, a semi-permeable membrane system separating the first chamber from the
second chamber, a pretreatment operation in fluid communication with at least one of the source
of the first solution or the first chamber, a separation system fluidly connected downstream of the
second chamber, the separation system configured to receive a dilute draw solution from the
second chamber and to recover draw solutes and a solvent stream, a recycle system comprising
an absorber configured to facilitate reintroduction of the draw solutes to the second chamber to
maintain the desired molar ratio, and a post-treatment operation in fluid communication with the
solvent stream. In one embodiment, the separation system includes a distillation column.

[0017] Additional aspects of the invention relate to utilizing the systems and processes
described herein to treat wastewater. In accordance with one or more embodiments, a method of
treating wastewater may include introducing wastewater having a high biochemical oxygen
demand or a high chemical oxygen demand on a first side of a semi-permeable membrane,
introducing a concentrated draw solution including ammonia and carbon dioxide at a molar ratio
of at least one to one on a second side of the semi-permeable membrane to maintain a desired
osmotic concentration gradient across the semi-permeable membrane, promoting flow of at least
a portion of the wastewater across the semi-permeable membrane to form a second solution on
the first side of the semi-permeable membrane and a dilute draw solution on the second side of
the semi-permeable membrane, and introducing at least a portion of the dilute draw solution to a
separation operation to recover draw solutes and a solvent stream. The method can also include

the optional steps of reintroducing the draw solutes to the second side of the semi-permeable
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membrane to maintain the desired molar ratio of ammonia to carbon dioxide in the concentrated
draw solution and collecting the solvent stream.

[0018] In some embodiments, the method may further include introducing the second
solution to a secondary process, such as an anaerobic digester. In other embodiments, the
method may further include introducing the second solution to an incinerator. Heat generated
from the incinerator or from the combustion of methane from the digester may be provided to the
separation operation. In at least some embodiments, the method may further include controlling
fouling of the semi-permeable membrane.

[0019] In another aspect, the invention relates to a forward osmosis process. The process
includes the steps of introducing a first solution having a solvent and at least one solute on a first
side of a semi-permeable membrane, introducing a plurality of precipitate nucleation crystals
(“seeds”) to the first solution, introducing a concentrated draw solution to a second side of the
semi-permeable membrane, promoting nucleation of the at least one solute in the first solution,
and promoting a flow of at least a portion of the solvent across the semi-permeable membrane to
form a second solution on the first side of the semi-permeable membrane and a dilute draw
solution on the second side of the semi-permeable membrane. The plurality of seeds can include
seeds of substantially uniform composition and configuration; however, seeds having different
compositions and / or configurations can be introduced for the selective nucleation of different
solutes. The quantity, composition, and configuration of the seeds will be selected to suit a
particular application; e.g., the recovery of a pharmaceutical compound and / or the removal of
undesirable solutes. The step of promoting nucleation can include the introduction and passive
dispersal of the seeds within the solution and optionally the agitation, aeration, or other means of

promoting mixing of the seeds within the first solution.

10



WO 2012/148911 PCT/US2012/034801

[0020] In various embodiments of the foregoing aspect, the process can include the step
of directing at least a portion of the dilute draw solution to a separation unit to recover at least
one of a solvent stream or draw solutes and the step of reintroducing draw solutes into the
concentrated draw solution on the second side of the semi-permeable membrane to maintain a
desired molar ratio in the concentrated draw solution. In one embodiment, the step of promoting
a flow of at least a portion of the solvent includes maintaining the osmotic concentration gradient
across the semi-permeable membrane, which can include maintaining a molar ratio of ammonia
and carbon dioxide of at least 1:1 in the concentrated draw solution. Optionally, the process can
include the step of monitoring one or more characteristics of the concentrated draw solution and
modifying the draw solution as necessary by, for example, reintroducing draw solutes onto the
solution to alter the molar ratio thereof. The process can also include the step of recovering at
least a portion of the at least one solute precipitated out of the first solution. Recovery of the
precipitated solute can include further processing of the solutes and / or first solution by, for
example, filtration, gravitational settling (e.g., in a separate chamber), classification and
preferential precipitation of the solutes, heat exchange, or other means of separation. In certain
embodiments, for example, when the precipitated solutes include or entrain organic substances,
the precipitated solutes or slurry can be directed to an incinerator or digester for further
processing.

[0021] In another aspect, the invention relates to a system for the processing of a solution
using osmosis. The system includes a forward osmosis module and means for introducing a
plurality of seeds into the forward osmosis module. The forward osmosis module includes a first
chamber in fluid communication with a source of a first solution including a solvent and at least

one solute, a second chamber in fluid communication with a concentrated draw solution and a

11



WO 2012/148911 PCT/US2012/034801

semi-permeable membrane coupling the first chamber and the second chamber. The means for
introducing the plurality of seeds is configured to introduce the seeds into the first chamber,
where the plurality of seeds cause nucleation of at least a portion of the at least one solute when
the first solution is introduced into the first chamber. The means for introducing the plurality of
seeds can include recycling of a portion of removed precipitation crystals from elsewhere in the
system, or from a hopper disposed adjacent the first chamber for providing, with or without
metering, the seeds into the first chamber or a separate system including, for example, a reservoir
for holding the plurality of seeds (as either dry crystals or in a slurry) and the necessary pump (or
other prime mover), plumbing, and valves for delivering the seeds from the reservoir to the first
chamber. The means and / or the first chamber can also include an air source, a mixer, and / or
baffles to assist in the introduction and dispersal of the seeds within the first solution.

[0022] In one or more embodiments, the system can include a separation module in fluid
communication with the second chamber for recovering at least one of a solvent stream and draw
solutes and means for recycling draw solutes into the concentrated draw solution. The separation
module and recycling means can include, for example, additional chambers, filters, heat
exchangers, distillation columns, contact membranes, and piping as necessary to recover and
reintroduce the draw solutes to the concentrated draw solution. The system can also include a
recovery module in fluid communication with the first chamber for recovering precipitated
solutes. The recovery module can include, for example, a settling tank, filters, an incinerator and
/ or a digester (e.g., where precipitation occurs with BOD or COD concentration).

[0023] In yet another aspect, the invention relates to an apparatus for the treatment of a
solution using osmosis. The apparatus includes a chamber configured for receiving a first

solution including a solvent and at least one solute, a membrane module disposed within the
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chamber; and means for introducing a plurality of seeds into the chamber, wherein the plurality
of seeds cause nucleation of at least a portion of the at least one solute in the first solution in the
chamber. The membrane module includes a semi-permeable membrane having an exterior
surface in fluid communication with the first solution in the chamber and an interior surface for
receiving a concentrated draw solution.
[0024] Still other aspects, embodiments, and advantages of these exemplary aspects and
embodiments, are discussed in detail below. Moreover, it is to be understood that both the
foregoing information and the following detailed description are merely illustrative examples of
various aspects and embodiments, and are intended to provide an overview or framework for
understanding the nature and character of the claimed aspects and embodiments. Accordingly,
these and other objects, along with advantages and features of the present invention herein
disclosed, will become apparent through reference to the following description and the
accompanying drawings.Furthermore, it is to be understood that the features of the various
embodiments described herein are not mutually exclusive and can exist in various combinations
and permutations.

BRIEF DESCRIPTION OF THE DRAWINGS
[0025] In the drawings, like reference characters generally refer to the same parts
throughout the different views. Also, the drawings are not necessarily to scale, emphasis instead
generally being placed upon illustrating the principles of the invention and are not intended as a
definition of the limits of the invention. For purposes of clarity, not every component may be
labeled in every drawing. In the following description, various embodiments of the present

invention are described with reference to the following drawings, in which:
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[0026] FIG. 1 is a schematic representation of a forward osmosis system/process for
wastewater treatment in accordance with one or more embodiments of the invention;
[0027] FIG. 2 is a schematic representation of an alternative system/process for the
treatment of wastewater in accordance with one or more embodiments of the invention;
[0028] FIG. 3 is a schematic diagram of a system for osmotic extraction of a solvent in
accordance with one or more embodiments of the invention;
[0029] FIG. 4 is schematic representationof one application of the system of FIG. 3 in
accordance with one or more embodiments of the invention;
[0030] FIG. 5 is a schematic representationof an osmotic system including a forward
osmosis unit and a reverse osmosis unit in accordance with one or more embodiments of the
invention; and
[0031] FIG. 6 is a flow chart depicting the various steps of an osmotically driven
membrane process configured for maintaining the ion balance thereof.

DETAILED DESCRIPTION
[0032] In accordance with one or more embodiments, an osmotic method for extracting a
solvent (e.g., water) from a solution may generally involve exposing the solution to a first
surface of a forward osmosis membrane. A second solution, or draw solution, with an increased
concentration relative to that of the first or process solution may be exposed to a second opposed
surface of the forward osmosis membrane. Solvent may then be drawn from the solution through
the forward osmosis membrane and into the second solution generating a solvent-enriched
solution via forward osmosis that utilizes fluid transfer properties involving movement from a
less concentrated solution to a more concentrated solution. The solvent-enriched solution, also

referred to as a dilute draw solution, may be collected at a first outlet and undergo a further

14



WO 2012/148911 PCT/US2012/034801

separation process to produce, for example, purified water. A second product stream, e.g., a
depleted or concentrated process solution, may be collected at a second outlet for discharge or
further treatment.

[0033] Hydraulic pressure may generally promote transport of the first and second
solutions through a membrane module along a longitudinal axis of their respective channels,
while osmotic pressure may generally promote transport of solvent across a forward osmosis
membrane in the module from the feed to the draw solution. Alternatively, hydraulic pressure
may be exerted on the feed solution to assist the flow of solvent from the feed to draw solutions,
or hydraulic pressure may be placed on the draw solution to allow the production of power from
the expansion of the volume of the draw solution due to membrane flux of solvent from the feed
solution driven by the osmotic pressure difference between the two solutions (PRO). Generally,
flow channels within the module are designed to minimize the hydraulic pressure necessary to
cause flow through these channels (cross-flow), but this is often at odds with the desire to create
turbulence in the flow channels, beneficial for efficient generation of osmotic pressure difference
between the two solutions, which has a tendency to increase resistance to flow. Higher osmotic
pressure differences may generally increase transmembrane flux, but may also have a tendency
to increase the amount of heat required to separate the draw solutes from the dilute draw solution
for production of a dilute water product and a reconcentrated draw solution.

[0034] In accordance with one or more embodiments, a forward osmosis membrane
module may include one or more forward osmosis membranes. The forward osmosis
membranes may generally be semi-permeable, for example, allowing the passage of water, but
excluding dissolved solutes therein, such as sodium chloride, ammonium carbonate, ammonium

bicarbonate, and ammonium carbamate. Many types of semi-permeable membranes are suitable
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for this purpose provided that they are capable of allowing the passage of water (i.e., the solvent)
while blocking the passage of the solutes and not reacting with the solutes in the solution. The
membrane can have a variety of configurations including thin films, hollow fiber membranes,
spiral wound membranes, monofilaments and disk tubes. There are numerous well-known,
commercially available semi-permeable membranes that are characterized by having pores small
enough to allow water to pass while screening out solute molecules such as sedium chloride and
their ionic molecular species such as chloride. Such semi-permeable membranes can be made of
organic or inorganic materials. In some embodiments, membranes made of materials such as
cellulose acetate, cellulose nitrate, polysulfone. polyvinylidene fluoride, polyamide and
acrylonitrile co-polymers may be used. Other membranes may be mineral membranes or
ceramic membranes made of materials such as ZrO, and TiO,.

[0035] Preferably, the material selected for use as the semi-permeable membrane should
generally be able to withstand various process conditions to which the membrane may be
subjected. For example, it may be desirable that the membrane be able to withstand elevated
temperatures, such as those associated with sterilization or other high temperature processes. In
some embodiments, a forward osmosis membrane module may be operated at a temperature in
the range of about 0-100 degrees Celsius. In some non-limiting embodiments, process
temperatures may range from about 40-50 degrees Celsius. Likewise, it may be desirable for the
membrane to be able to maintain integrity under various pH conditions. For example, one or
more solutions in the membrane environment, such as the draw solution, may be more or less
acidic or basic. In some non-limiting embodiments, a forward osmosis membrane module may
be operated at a pH level of between about 2 and 11. In certain non-limiting embodiments, the

pH level may be about 7 to 10. The membranes used need not be made out of one of these

16



WO 2012/148911 PCT/US2012/034801

materials and they can be composites of various materials. In at least one embodiment, the
membrane may be an asymmetric membrane, such as with an active layer on a first surface, and
a supporting layer on a second surface. In some embodiments, an active layer may generally be
arejecting layer. For example, a rejecting layer may block passage of salts in some non-limiting
embodiments. In some embodiments, a supporting layer, such as a backing layer, may generally
be inactive.

[0036] In accordance with one or more embodiments, at least one forward osmosis
membrane may be positioned within a housing or casing. The housing may generally be sized
and shaped to accommodate the membranes positioned therein. For example, the housing may
be substantially cylindrical if housing spirally wound forward osmosis membranes. The housing
of the module may contain inlets to provide feed and draw solutions to the module as well as
outlets for withdrawal of product streams from the module. In some embodiments, the housing
may provide at least one reservoir or chamber for holding or storing a fluid to be introduced to or
withdrawn from the module. In at least one embodiment, the housing may be insulated.

[0037] A separation process in accordance with one or more embodiments may involve
exposing a first solution to a first surface of a semi-permeable membrane. A second solution that
has a concentration greater than that of the first solution may be exposed to a second opposed
surface of this membrane. In some embodiments, the concentration of the second solution may
be increased by using a first reagent to adjust the equilibrium of solutes within the second
solution to increase the amount of a soluble species of solute within the second solution. The
concentration gradient between the first and second solutions then draws the solvent from the
first solution through the semi-permeable membrane and into the second solution producing a

solvent-enriched solution. In accordance with one or more embodiments, a portion of the solutes
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may be recovered from the solvent-enriched second solution and recycled to the draw solution.
The recovery process may yield a solvent product stream. The concentration gradient also
produces a depleted solution on the first side of the semi-permeable membrane that may be
discharged or further processed. The depleted solution may include one or more target species of
which concentration or recovery is desired.

[0038] In accordance with one or more embodiments, an apparatus for the extraction of a
solvent from a first solution using osmosis is disclosed. In one non-limiting embodiment of the
apparatus, the apparatus has a first chamber with an inlet and an outlet. The inlet of the first
chamber may be connected to a source of the first solution. A semi-permeable membrane
separates the first chamber from a second chamber. The second chamber has an inlet and first
and second outlets. In some embodiments, a third chamber may receive a solvent-enriched
second solution from the first outlet of the second chamber and a reagent from the second outlet
of the second chamber. The third chamber may include an outlet that is connected to a
separation operation, such as a filter for filtering the solvent-enriched second solution. The filter
may have first and second outlets, with the first outlet connected to the inlet of the second
chamber in order to recycle a precipitated solute to the second chamber. In some embodiments,
a fourth chamber may receive the solvent-enriched second solution from the second outlet of the
separation operation. The fourth chamber may have a heater for heating the solvent-enriched
second solution. A first outlet in the fourth chamber may return constituent gases to the inlet of
the second chamber. As discussed herein, various species, such as the gases from the fourth
chamber and/or precipitated solute from the third chamber, may be recycled within the system.
Such species may be introduced, for example to the second chamber, at the same inlet or at

different inlets. A second outlet in the fourth chamber may permit a final product, e.g., the
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solvent, to exit the apparatus. Flow channel configurations may account for changing flow
volumes or flow rates in the feed solution and draw solution as flux occurs across the membrane
from one solution to the other. The flow channels for the feed and draw solutions in the
membrane systems should generally be designed to be approximately equal for short lengths and
low to moderate flux rates, or tapering in which feed becomes narrower and draw becomes
deeper for longer channel lengths and or higher fluxes.

[0039] In accordance with one or more embodiments, a forward osmosis membrane
module may generally be constructed and arranged so as to bring a first solution and a second
solution into contact with first and second sides of a semi-permeable membrane, respectively.
Although the first and second solutions can remain stagnant, it is preferred that both the first and
second solutions are introduced by cross flow, i.e., flows parallel to the surface of the semi-
permeable membrane. This may generally increase membrane surface area contact along one or
more fluid flow paths, thereby increasing the efficiency of the forward osmosis. In some
embodiments, the first and second solutions may flow in the same direction. In other
embodiments, the first and second solutions may flow in opposite directions. In at least some
embodiments, similar flnid dynamics may exist on both sides of a membrane surface. This may
be achieved by strategic integration of the one or more forward osmosis membranes in the
module or housing.

[0040] In accordance with one or more embodiments, draw solutes may be recovered for
reuse. Examples of draw solute recovery processes are described in U.S. Patent Publication No.
2012/0067819 (the ‘819publication), to McGinnis, the disclosure of which is hereby
incorporated herein by reference in its entirety. A separation system may strip solutes from

dilute draw solution to produce product water substantially free of the solutes. The separation
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system may include a distillation column. Draw solutes may then be returned, such as by a
recycle system, back to the concentrated draw solution. Gaseous solutes may be condensed or
absorbed to form a concentrated draw solution. An absorber may use dilute draw solution as an
absorbent. In other embodiments, product water may be used as an absorbent, for all or a portion
of the absorbing of the gas streams from a solute recycle system. In addition, gas and / or heat
produced as part of the waste water treatment process may be used in the draw solute recovery
process.

[0041] In accordance with one or more embodiments, the first solution may be any
aqueous solution or solvent containing one or more solutes for which separation, purification or
other treatment is desired. In some embodiments, the first solution may be non-potable water,
such as seawater, salt water, brackish water, gray water, and some industrial water. A process
stream to be treated may include salts and other ionic species such as chloride, sulfate, bromide,
silicate, iodide, phosphate, sodium, magnesium, calcium, potassium, nitrate, arsenic, lithium,
boron, strontium, molybdenum, manganese, aluminum, cadmium, chromium, cobalt, copper,
iron, lead, nickel, selenium, silver, and zinc. In some examples, the first solution may be brine,
such as salt water or seawater, wastewater or other contaminated water. The first solution may
be delivered to a forward osmosis membrane treatment system from an upstream unit operation
such as industrial facility, or any other source such as the ocean. The second solution may be a
draw solution containing a higher concentration of solute relative to the first solution. A wide
variety of draw solutions may be used. For example, the draw solution may comprise a
thermolytic salt solution. In some embodiments, an ammeonia and carbon dioxide draw solution
may be used, such as those disclosed in U.S. Patent Publication No. 2005/0145568, to McGinnis,

the disclosure of which is hereby incorporated herein by reference in its entirety. In one

20



WO 2012/148911 PCT/US2012/034801

embodiment, the second solution may be a concentrated solution of ammonia and carbon
dioxide. In at least one embodiment, the draw solution may comprise ammonia and carbon
dioxide in a molar ratio of greater than 1 to 1.

[0042] Preferred solutes for the second (draw) solution may be ammonia and carbon
dioxide gases and their products, ammonium carbonate, ammonium bicarbonate, and ammonium
carbamate. Ammonia and carbon dioxide, when dissolved in water at a ratio of about 1, form a
solution comprised primarily of ammonium bicarbonate and to a lesser extent the related
products ammonium carbonate and ammonium carbamate. The equilibrium in this solution
favors the less-soluble species of solute, ammoninm bicarbonate, over the soluble species of
solute, ammonium carbamate and to a lesser extent ammonium carbonate. Buffering the solution
comprised primarily of ammonium bicarbonate with an excess of ammonia gas so that the ratio
of ammonia to carbon dioxide increases to about 1.75 to 2.0 will shift the equilibrium of the
solution towards the soluble species of the solute, ammonium carbamate. The ammonia gas is
more soluble in water and is preferentially adsorbed by the solution. Because ammonium
carbamate is more readily adsorbed by the solvent of the second solution, its concentration can
be increased to the point where the solvent cannot adsorb anymeore of the solute, i.e., saturation.
In some non-limiting embodiments, the concentration of solutes within this second solution
achieved by this manipulation is greater than about 2 molal, more than about 6 molal, or about 6
to 12 molal.

[0043] In accordance with one or more embodiments, the ratio of ammonia to carbon
dioxide should substantially allow for the full absorption of the draw solution gases into the
absorbing fluid, e.g., a portion of the dilute draw solution as described above, based on the

highest concentration of the draw solution in the system.The concentration, volume, and flow
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rate of the draw solution should generally be matched to the concentration, volume, and flow rate
of the feed solution, such that the desired difference in osmotic pressure between the two
solutions is maintained throughout the membrane system and range of feedwater recovery. This
may be calculated in accordance with one or more embodiments taking into consideration both
internal and external concentration polarization phenomena in the membrane and at its surface.
In one non-limiting desalination embodiment, a concentrated draw solution inlet flow rate may
be used which is approximately 33% of the saline feedwater flow rate, typically in the range of
about 25% to 75% for a seawater desalination system. A lower salinity feed may require draw
solution inlet rates of about 5% to 25% of the feedwater flow. The dilute draw solution outlet
rate may typically be about 50% to 100% of the feedwater inlet rate, and about three to four
times the volume of the brine discharge.

[0044] In accordance with one or more embodiments, the ratio of ammonia to carbon
dioxide should generally be matched to the concentrations of the draw solution and the
temperatures used in the draw solute removal and recovery process. If the ratios are not
sufficiently high, it will not be possible to completely absorb the draw solute gases into salts for
reuse in the concentrated solution, and if the ratio is too high, there will be an excess of ammonia
in the draw solution that will not properly condense in a desired temperature range, such as that
necessary for the use of waste heat to drive the process. For example, in some embodiments a
distillation column may strip gases at about 50 degrees C and an absorbing column may operate
at about 20 degrees C. The ratio of ammonia to carbon dioxide should further be considered to
prevent the passage of ammonia into the feed solution through the membrane. If the ratio is too
high, this may cause unionized ammonia to be present in higher concentrations in the draw

solution (normally primarily ammonium) than are necessary or desirable. Other parameters,
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such as feedwater type, desired osmotic pressure, desired flux, membrane type and draw solution
concentration may impact the preferred draw solution molar ratio. The ratio of ammonia to
carbon dioxide may be monitored and controlled in an osmotic separation process. In at least
one embodiment, the draw solution may comprise ammonia and carbon dioxide in a molar ratio
of greater than 1 to 1. In some non-limiting embodiments, the ratio for a draw solution at
approximately 50 degrees C, and with the molarity of the draw solution specified as the molarity
of the carbon dioxide within that solution, may be at least about 1.1 to 1 for up to 1 molar draw
solution, about 1.2 to 1 for up to 1.5 molar draw solution, about 1.3 to 1 for up to 3 molar draw
solution, about 1.4 to 1 for up to 4 molar draw solution, about 1.5 to 1 for up to 4.5 molar draw
solution, about 1.6 to 1 for up to 5 molar draw solution, about 1.7 to 1 for up to 5.5 molar draw
solution, about 1.8 to 1 for up to 7 molar draw solution, about 2.0 to 1 for up to § molar draw
solution and about 2.2 to 1 for up to 10 molar draw solution. Experiments indicate that these are
approximately the minimum ratios needed for stable solubility of solutions of these
concentrations at this approximate temperature. At lower temperatures, higher ratios of
ammonia to carbon dioxide are required for the same concentrations. At higher temperatures,
lower ratios may be required, but some pressurization of the solution may also be required to
prevent decomposition of the solutes into gases. Ratios greater than 1 to 1, even at overall
concentrations of less than 2 molar greatly increase the stability of the solutions and prevent
evolution of carbon dioxide gas and in general thermolytic splitting of the draw solutions in
response to even moderate amounts of heat and or reduction of pressure.

[0045] In accordance with one or more embodiments, a forward osmosis separation
process may comprise introducing a first solution on a first side of a semi-permeable membrane,

detecting at least one characteristic of the first solution, selecting a molar ratio for a concentrated
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draw solution comprising ammonia and carbon dioxide based on the at least one detected
characteristic, introducing the concentrated draw solution comprising ammonia and carbon
dioxide at the selected molar ratio on a second side of the semi-permeable membrane to maintain
a desired osmotic concentration gradient across the semi-permeable membrane, promoting flow
of at least a portion of the first solution across the semi-permeable membrane to form a second
solution on the first side of the semi-permeable membrane and a dilute draw solution on the
second side of the semi-permeable membrane, introducing at least a portion of the dilute draw
solution to a separation operation to recover draw solutes and a solvent stream, reintroducing the
draw solutes to the second side of the semi-permeable membrane to maintain the selected
concentrations and molar ratio of ammonia to carbon dioxide in the concentrated draw solution,
and collecting the solvent stream.

[0046] In accordance with one or more embodiments, an apparatus for osmotic extraction
of a solvent from a first solution may comprise a first chamber having an inlet fluidly connected
to a source of the first solution, a second chamber having an inlet fluidly connected to a source of
a concentrated draw solution comprising ammeonia and carbon dioxide in a molar ratio of at least
1 to 1, a semi-permeable membrane separating the first chamber from the second chamber, a
separation system fluidly connected downstream of the second chamber including a distillation
column, the separation system configured to receive a dilute draw solution from the second
chamber and to recover draw solutes and a solvent stream, and a recycle system including an
absorber configured to facilitate reintroducing the draw solutes to the second chamber to
maintain the molar ratio of ammonia to carbon dioxide in the concentrated draw solution.

[0047] In accordance with one or more embodiments, various osmotically driven

membrane systems and methods may be integrated with larger systems. In some embodiments,
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systems and methods may be integrated with various heat sources and water systems. In at least
one embodiment, a draw solution may be fed on the inside of tubes associated with a condenser.
In some embodiments, hot water from below-ground may be used in a reboiler. In other
embodiments, geothermal heat, waste heat from industrial sources, solar collectors, molten salt,
or residual heat in a thermal storage system may be used. In still other embodiments, diesel
generators may be implemented.

[0048] In accordance with one or more additional embodiments, forward osmosis
systems and methods may be integrated with auxiliary processes for maximizing water recovery
from wastewater sources with potential for scale precipitation. For example, to prevent
precipitation of calcium and magnesium salts, calcium and magnesium may first be removed
from the feed via techniques such as those involving ion exchange with sodium on strong acid
cation exchange resin. The FO concentrate may be used for regenerating the resin. A chemical
dispersant may be used to prevent precipitation within the ion exchange column. For silica scale
control, a silica scale dispersant may be fed to the feed of the system. If the desired
concentration factor leads to a concentration of silica that exceeds the maximum recommended
by the dispersant supplier, a portion of the feed may be recycled through a small external
microfilter or ultrafilter that removes silica.

[0049] In another embodiment, soluble salts may be concentrated in the FO membrane
system to or beyond their solubility, with our without the use of anti-scalant chemicals, such that
the concentrated feed solution is directed to a precipitation tank containing seed crystals and / or
flocculant chemical addition. This solution may then be directed to a settling tank and / orto a
filtration device to remove particulates. The effluent from this treatment may then be directed to

another process, disposed of, or recirculated in the FO membrane system for further
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concentration. The use of fluid shear forces and / or the introduction of air bubbles for scouring
may be used in the FO membrane system to ensure that precipitation and / or fouling does not
occur on the membrane surface.

[0050] In accordance with one or more embodiments, membrane fouling may be
monitored and controlled. Membrane fouling may be controlled using scouring techniques such
as those involving liquid turbulence and gas introduction. In some embodiments, shear forces,
such as those involving fluid dynamics in circulation inducing shear at a membrane surface, may
be used for scouring. In other embodiments, objects such as foam balls may be placed in flow
paths to effect scouring. In some embodiments, fouling and biological activity may be controlled
through manipulation of operational parameters to alter osmotic pressure and flow paths, for
example, such that different membrane areas experience different solutions, osmotic pressures,
pH., or other conditions at different times. Variations over time, such as based on minutes, hours,
or years, may be scheduled.Additional FO separation systems and methods may be used to treat
solutions with high scaling potential. These systems and methods will allow for significantly
higher recoveries of feedwater streams, offering significant economic and environmental benefits
(e.g., less intake water, less discharge water, less chemical use, etc.) by using either
supersaturation and desaturation or a seeded slurry.

[0051] Non-seeded slurry systems send a saturated solution to the membrane array, the
feed of which would become supersaturated by removal of water through flux. This
supersaturated solution would be directed to a tank mixing this solution with suspended crystals
or other nucleation points for precipitation. The slurry would then be directed to a settling tank,

hydrocyclone, or other filtration device to remove precipitates.
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[0052] Systems and methods using a seeded slurry will have precipitates suspended in
solution throughout the membrane module, such that additional precipitation will occur on these
nucleation points, rather than on the membrane surface, as described in greater detail below with
respect to FIG. 2. Handling of the slurry would require a pre-filtration or hydrocyclone system
to maintain a maximum particle diameter. In various embodiments, the membrane of this system
may be coated and in some cases periodically recoated to prevent abrasion of the barrier layer.
Such coatings may include polyvinyl acetate (PVA). Additional advantages of these systems and
methods include, for example, their ability to allow continuous desalination of solutions at or
above their solubility limits for one to many salts, reducing or eliminating the use of chemicals to
be consumed by the process, reducing membrane fouling, and reducing the effect of reverse salt
transport.

[0053] In accordance with one or more embodiments, systems and methods may be used
in membrane bioreactor (MBR) operations for wastewater treatment. In some embodiments,
wastewater may be converted for reuse from waste in a single step. Some embodiments may not
require aeration such that direct membrane separation of water from suspended solids and
organics in a waste stream, or a membrane digester operation, may provide savings in terms of
energy and overall cost. In non-limiting embodiments, an MBR system may be designed such
that circulation is along the surface of the membrane sheets, with a relatively unmixed region in
the tank below the sheets. Solids may be removed from this settling zone. Fermentation may
take place in the unmixed region as well, allowing for the removal and use of methane from the
top of the tank. The tank may be configured such that pump outlets are placed on one side of the
tank directing flow along the transverse (width) axis of the membrane sheets inducing shear

force and turbulence if desired such that flow is evenly distributed along the longitudinal axis of
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the sheets, evenly distributed from top to bottom. The shear forces, along with, for example,
aeration and agitation, help prevent / reduce fouling of the membrane surfaces. The tank may
further be configured so that the opposite wall of the tank is curved in such a way as to return
water with reduced resistance back to the pump side of the tank, with this flow passing on either
side of the membrane stack. Draw solution in the interior of the membrane pockets may flow
from top to bottom, bottom to top, or alternate in series as needed. Membrane stacks may be
arranged such that different regions of the tank experience different steady state concentrations
of feed solution. Air bubbles may be used to scour the membrane surface to reduce
concentration polarization phenomena and to prevent fouling and / or scaling on the membrane
surface, with this air introduction being intended for these purposes rather than for the
introduction of oxygen to the solution, as would be typical of conventional membrane
bioreactors.

[0054] In accordance with one or more embodiments, membrane bioreactors and
conventional reverse osmosis processes may be replaced with the forward osmosis techniques
disclosed herein for the treatment of industrial wastewater. A forward osmosis approach may be
particularly beneficial in applications involving high levels of suspended solids or high levels of
dissolved organics. Forward osmosis may also be a desirable option for the treatment of
wastewater having a high biochemical oxygen demand (BOD) or a high chemical oxygen
demand (COD). Forward osmosis performs the same function as MBR and reverse osmosis, but
in a single step and without the energy normally required by MBR to aerate the water to
introduce oxygen for biological degradation of the BOD and COD. Specifically, the use of
forward osmosis for concentrating sewage eliminates the need for air / oxygen to get the

necessary bacteria to consume the waste, resulting in a more efficient process — less equipment,
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less energy, and a smaller footprint. The concentrated sewage can then be sent to, for example, a
digester to produce methane gas, as discussed below.

[0055] In accordance with one or more embodiments, forward osmosis may also be used
to concentrate a feed stream. Forward osmosis concentration processes may produce potable or
other high quality water in a single step process, in contrast to conventional microfiltration or
ultrafiltration processes, which require post-polishing stages, such as those involving reverse
osmosis, i.e., FO-MBR produces water of the same quality as conventional MBR followed by a
reverse osmosis process, but in a single step.

[0056] In some embodiments, a process stream may contain desired target species to be
concentrated and recovered, such as a pharmaceutical, salt, enzyme, protein, catalyst,
microorganism, organic compound, inorganic compound, chemical precursor, chemical product,
colloid, food product, or contaminant. In at least one embodiment, forward osmosis may be used
for mineral recovery. In some embodiments, forward osmosis may be used to concentrate brines
in the solution mining industry. Brine solutions may reach saturation with a forward osmosis
operation such that precipitation may facilitate recovery of minerals, salts, metals, and fertilizers,
such as potash.

[0057] Streams having high BOD and/or high COD may be concentrated using a forward
osmosis process. [n some embodiments, forward osmosis concentration processes may be
coupled to an anaerobic digester to produce gas for combustion. The gas produced may also
provide heat to a solute recovery process without a separate digester. In other embodiments,
forward osmosis concentration processes may be coupled to an incinerator for direct combustion

of solids to provide heat to an upstream forward osmosis process and/ or solute recovery process.
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[0058] FIG. 1 presents a schematic of a forward osmosis system / process for wastewater
treatment. A wastewater stream to be treated may contain one or more species such as salts,
proteins, catalysts, microorganisms, organic or inorganic chemicals, chemical precursors or
products, colloids, or other constituents. In some non-limiting embodiments, nutrient discharge
by wastewater plants may be reduced with a forward osmosis system and process as illustrated.
[0059] As shown in FIG. 1, the system/process 10 includes a forward osmosis module
12. Various forward osmosis systems and processes can be used, such as those described herein
and further described in U.S. Patent No. 6,391,205, U.S. Patent Publication No. 2011/0203994;
and PCT Application Serial Nos. PCT/US10/054738, filed October 29, 2010, and
PCT/US10/054512, filed October 28, 2010, the disclosures of which are hereby incorporated
herein by reference in their entireties. The module 12 is in fluid communication with a
wastewater source or stream 14 (i.e., the feed solution) and a draw solution source or stream 16.
The wastewater source 14 can include, for example, municipal (e.g., sewage) and / or industrial
(e.g., hydraulic fracturing flowback) wastewater, including radioactive water. The draw solution
source 16 can include, for example, a saline stream, such as sea water, or another solution as
described herein that can act as an osmotic agent to dewater the wastewater source 14 by osmosis
through a forward osmosis membrane within the module 12. The module 12 outputs a stream 18
of concentrated solution from the wastewater source 14 that can be further processed as
described herein. The module 12 also outputs a dilute draw solution 20 that can be further
processed as described herein, for example, the dilute draw solution 20 can be directed to a
separation unit 22 where draw solutes and a target solvent can be recovered.

[0060] FIG. 2 depicts a system/process 110, where a forward osmosis membrane module

102 may be immersed or placed within an enclosed assembly. In addition to the methods
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described above for reducing fouling, the system/process 110 depicted in FIG. 2 utilizes a seeded
slurry approach for treating a source of wastewater or other feed solution. As shown, the
system/process 110 includes a forward osmosis module 112 in fluid communication with a
wastewater stream 114 and a draw solution stream 116. The module 112 includes a chamber or
tank 104 for receiving the wastewater. The chamber 104 is configured for holding the membrane
module 102. As discussed with respect to F1G. 1, the FO module 112 also outputs a
concentrated solution 118 and a dilute draw solution 120.

[0061] In accordance with one or more embodiments, seeds are added to the chamber
104 to create a seeded slurry 106. The seeds provide nucleation points for the selective
precipitation of certain solutes (e.g., a salt or amino acid) thereon. The targeted solutes will
precipitate out of the seeded slurry 106 and settle to the bottom of the chamber 104, as opposed
to being deposited on the membrane surface, where the precipitated solutes can be further
processed as previously discussed. These may be partially reused in the process, for example
with precipitated solids redirected to the tank as seeds. In addition, the chamber 104 can include
additional means for improving the forward osmosis process, for example, aeration and agitation
to reduce membrane fouling and / or improve the effectiveness of the seeds, as previously
disclosed.

[0062] The use of seeds in the forward osmosis module is particularly beneficial for
feeds that may require pretreating or contain desirable solutes, for example, a feed from a
pharmaceutical process. The seeds assist in the recovery of the target solutes. Furthermore, with
respect to the treatment of wastewater having a high level of suspended solids, a portion of the
solids can be drawn off of the bottom of the chamber 104 and another portion can be precipitated

out by the use of the seeds. In addition, the size and composition of the seeds can be selected to
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suit a particular application, such as, for example, recovery of a pharmaceutical compound or
reducing the effect of reverse salt transport.

[0063] FIG. 3 presents a schematic of a system 210 for osmotic extraction of a solvent
using a forward osmosis system/process 212 including one or more pretreatment and/or post-
treatment unit operations 214, 216. Various forward osmosis systems and processes can be used,
such as those described herein and further described in U.S. Patent No. 6,391,205, U.S. Patent
Publication No. 2011/0203994; and PCT Publication Nos, W0O2011/053794 and
WO02011/059751, referenced above.

[0064] In accordance with one or more embodiments, the system 210 may include one or
more pretreatment operations 214 to enhance the forward osmosis process 212. Pretreatment
may involve pH adjustment, such as elevating pH levels of a process stream to be treated, use of
an anti-scalant, various types of filtration, polymer addition, heat exchange, softening, and
nanofiltration softening.

[0065] In accordance with one or more embodiments, the system 210 may include one or
more post-treatment operations 216. Post-treatment may involve second pass reverse osmosis
separation, ion exchange separation, additional forward osmosis processes, or other ammonia
and / or salt removal operations. Post-treatment may reduce product water salinity below that
produced by a single pass forward osmosis system. In other embodiments, post-treatment may
alternatively or additionally be used to remove draw solutes that would otherwise be present in a
product stream. In some specific non-limiting embodiments, forward osmosis brine discharge
may be post-treated using ion exchange, distillation, pervaporation, membrane distillation,
aeration, biological treatment or other process to remove draw solutes that reverse diffuse into

brine. Additional post-treatment operations can include zero liquid discharge (ZLD) treatment
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using, for example, crystallization and evaporation. In one embodiment, the ZLD treatment uses
a forward osmosis system, for example, in place of an evaporation system.

[0066] In accordance with one or more embodiments, feedwater may be preheated with
reject heat from a draw solute recovery process for improved flux. Examples of draw solute
recovery processes are described in the ‘819 publication referenced above. A draw solute
recovery system may require cooling. For example, a condenser of a stripper may require
cooling. Cooling may thus be provided by a membrane feed stream prior to its introduction to
the forward osmosis membrane. The membrane feed stream may provide sufficient cooling to
allow for reabsorption of the draw solute stream during the draw solute recovery process. In one
embodiment, the feed stream may cool one or more streams in the recovery process to ambient.
Additionally, higher membrane system temperatures may be associated with higher flux by
increasing water permeability, increasing draw and/or feed solute diffusivity, and improving
membrane pore structure by thermal expansion.

[0067] In accordance with one or more embodiments, brine may be used to remove heat
from a draw solute recovery process. Heating the brine may vaporize residual solutes in the
brine. Specifically, brine concentrate from forward osmosis membranes may be directed to a
condenser at the top of a stripper to provide cooling for the latter. Heat absorbed by the brine
may help drive dissolved gas from the brine and may be used in a stripping process as brine post-
treatment, similar to that used for draw solute recycling from the product water stream. For
example, draw solutes that have entered the brine stream via reverse salt flux in the membrane
system can be recovered by heating the brine; in some embodiments in conjunction with the
other processes disclosed in, for example, the ‘819 publication. In either case, the draw solutes

may be returned to the concentrated draw solution and reused.
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[0068] In accordance with one or more embodiments, activated charcoal or other
organics may be used to absorb or filter a gas stream from the dilute draw solution stripping
system and/or a brine post-treatment system. The absorption operation may remove volatile
components of the treated streams that would otherwise accumulate in the draw solution system.
For example, soluble organic compounds that pass through a forward osmosis membrane may be
volatilized in the solute recovery system. A similar system may be used in the case of any
component of the stream to be stripped of draw solutes that contains non-draw solute volatile
components. Any appropriate separation operation to prevent accumulation of volatile
compounds should be used on the vapor stream from the stripping system. For example,
separation may be provided prior to stripping in the liquid phase, prior to condensation in the
vapor phase, after condensation in the liquid phase, or within the draw solution system at any
point where accumulation of these compounds would be prevented by its use. In one
embodiment, the draw solution vapor and liquid streams would be cooled and in contact with one
another for a time period sufficient to allow for substantially full reabsorption of the draw
solutes, which can be done in a packed tower or membrane system.

[0069] In accordance with one or more embodiments, water softening by ion exchange,
nanofiltration, or similar process may be implemented as a pretreatment for a forward osmosis
process. In some specific embodiments, softening may be provided prior to zero liquid discharge
water treatment to ensure that product salt is of high value. The purity of the salt and its
composition, such as high purity sodium chloride, may be selected by operation of pretreatment
softening, as the softening process can selectively remove divalent ions. Thus, an integrated

system may yield a high value product. Brine following forward osmosis treatment may be used
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for ion exchange recharge. In other embodiments, any type of crystallizer may be used to
produce salt following forward osmosis separation.

[0070] FIG. 4 represents one possible application of the system 210 for osmotic
extraction of a solvent in accordance with one or more embodiments of the invention. As
discussed with respect to FIG. 3, the system 210 includes the forward osmosis system 212 and
one or more pre- and post-treatment units 214, 216. The system 210 can include any
combination of pre- and/or post-treatment units 214, 216 in conjunction with one or more
forward osmosis systems 212, including only pretreatment or only post-treatment. The various
systems/units described herein may be interconnected via conventional plumbing techniques and
can include any number and combination of components, such as pumps, valves, sensors,
gauges, etc., to monitor and control the operation of the various systems and processes described
herein. The various components can be used in conjunction with a controller as described
herein.

[0071] In the application shown in FIG. 4, the system 210 is used to treat brackish water
from an inland source 218. As shown, a feed stream 220 is directed to the pretreatment unit 214,
where the feed stream is, for example, heated. Once the feed stream has been pretreated, the
treated stream 222 is then directed to the forward osmosis system 212, where it provides the first
solution as discussed herein. Optionally, the treated stream 222 could be directed to additional
pretreatment units for further processing (e.g., pH adjustment) before entering the forward
osmosis system 212, A draw solution is provided to the forward osmosis system 212 via stream
224 to provide the osmotic pressure gradient necessary to promote transport of the solvent across

the membrane, as discussed herein.
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[0072] At least two streams exit the forward osmosis system 212: a concentrated feed or
treated stream 226, from which solvent has been extracted; and a dilute draw stream 228, to
which solvent has been added. The concentrated stream 226 can then be directed to a post-
treatment unit 216 for further processing, such as a second forward osmosis system to recover
additional solvent. Additional post-treatment processes may be utilized, for example,
crystallization and evaporation, to further provide for zero liquid discharge. The fully processed
or concentrated feed can be disposed of, recycled, or otherwise reclaimed depending on the
nature of the concentrate (arrow 238).

[0073] The dilute draw stream 228 can be directed to a separation system 230, where the
solvent and/or draw solutes can be recovered. Optionally, the dilute draw stream 228 can also be
directed to a post-treatment unit as desired for additional processing (stream 228a). In one or
more embodiments, the separation system 230 separates the draw solutes from the dilute draw
stream 228 to produce a substantially purified solvent stream 232, for example, potable water,
and a draw solute stream 236. In one or more embodiments, the solvent stream 232 can also be
directed to a post-treatment unit for further processing (stream 232a) depending on the end use of
the solvent. For example, the solvent can be further treated via distillation to remove additional
draw solutes that may still be present in the solvent. In one or more embodiments, the draw
solute stream 236 can be returned directly to the draw stream 224 (stream 236a), directed to a
recycling system 234 for reintegration into the draw stream 224 (stream 236b), or directed to a
post-treatment unit (stream 236c¢) for further processing depending on the intended use of the
recovered draw solutes. In one or more embodiments, the recycling system 234 can be used in
conjunction with the pretreatment unit 214 to, for example, provide heat exchange with the feed

stream 220 (stream 240).
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[0074] FIG. 5 represents an osmotically driven membrane system 310 that is configured
to adjust the ion balance of the overall system and recover additional draw solutes from a
forward osmosis system by using a reverse osmosis unit to post-treat the purified water
discharged by a separation/recycling unit and redirecting the concentrate from the reverse
osmosis system to a feed of the forward osmosis system. This arrangement allows for the
recovery of additional draw solutes and maintains the ion balance of the overall system without
the need for the addition and/or removal of certain chemicals or additional systems/processes
(e.g., ion exchangers).

[0075] As shown in FIG. 5 (and similar to the system 210 shown in FIG. 4), the system
310 includes the forward osmosis unit 312, which includes one or more first chambers 312a that
contain or are in fluid communication with a source of a feed or first solution 320. The forward
osmosis unit 312 also includes one or more second chambers 312b that are separated from the
first chamber(s) 312a by a semi-permeable forward osmosis membrane 313. The second
chamber(s) 312b either contain or are in fluid communication with a source of concentrated draw
solution 324. The concentrated draw solution 324 has a solute concentration sufficient to
maintain an osmotic concentration gradient across the membrane 313, thereby causing a solvent
from the first/feed solution 320 to flux across the membrane 313 into the second chamber 312b
and dilute the concentrated draw solution. The first solution 320 is concentrated in the first
chamber 312a, forming a second solution 322.

[0076] During the forward osmosis process, ion exchange can occur across the
membrane 313. In an exemplary system using a NH3-CO, draw solution with a feed solution
containing NaCl, ammonium ions (NH,*) may move from the second chamber/side 312b of the

forward osmosis membrane 313 to the first chamber/side 312a of the membrane 313 and sodium
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ions (Na*) may move from the first chamber/side 312a of the membrane 313 to the second
chamber/side 312b of the membrane 313. This ion exchange results in the second solution 322
containing at least one first ionic species of solute (e.g., NH4") and the dilute draw solution 326
containing at least one second ionic species of solute (e.g., Na+). The negative impact of the ion
exchange can result in a loss of recoverable draw solutes and higher salinity product water. The
novel use of a reverse osmosis system and an additional separation system as described below
overcome the negative impacts of the ion exchange phenomena and provide an unexpected
improvement to draw solute recovery, in addition to improving the product water quality.
[0077] The dilute draw solution 326 is directed to a separation and/or recycling system
330, where the dilute draw solution 326 is separated into draw solutes (or a concentrated draw
solution) 328 and the solvent (e.g.. potable water) obtained via the forward osmosis process.
This recovered solvent 332 contains the at least one second ionic species of solute that
exchanged through the membrane, but was not removed during the draw solute recovery
operation. The draw solutes can be recovered via any of the systems and methods described
herein, including in the *819 publication. The recovered draw solutes 328 can be recycled into
the source of concentrated draw solution 324 or form the basis thereof.

[0078] Because of the ion exchange phenomena, not all of the draw solutes are
recoverable during this initial separation/recycling process. For example, where one ionic
species (e.g., NHy") reverse ion exchanged through the membrane and another ionic species of
solutes (Na+) entered the draw solution, the ratio of draw solutes in the dilute draw solution is
unbalanced. The equilibrium of the draw solutes (e.g., ammonia (NH3) and carbon dioxide
(CO»)) need to be balanced to most effectively remove all of the draw solutes from the dilute

draw solution. Accordingly, the at least one second ionic species of solute may include an ionic
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species of draw solute that remains present in the recovered solvent (e.g., a carbonate). In the
exemplary embodiment, the loss of ammonia ions results in excess carbonate ions remaining
present in the solvent. In this embodiment, the at least one second ionic species of solutes
present in the recovered solvent will include the sodium ions (Na+) and carbonate ions (CO;.) in
solution.

[0079] In one or more embodiments, the separation/recycling system 330 uses waste heat
to remove the ammonia and carbon dioxide solutes from the dilute draw solution. As previously
discussed, because ammonium ions reverse exchanged through the forward osmosis membrane
313, the ammonia to carbon dioxide ratio is altered and there is not a sufficient amount of
ammonia in the dilute draw solution to remove all of the carbon dioxide, some of which is
present in the form of a carbonate. The NH;CO; that is present in the dilute draw solution in the
required ratio is vaporized out of the solution, leaving the solvent and the sodium ions and
carbonate ions (i.e., the at least one second ionic species of solute) in solution with the recovered
solvent.

[0080] The recovered solvent 332 containing the at least one second ionic species of
solute, which might normally be considered a final product, is directed to a reverse osmosis
system 316. Typically, the solvent 332 will be pressurized and transferred to the reverse osmosis
system 316 via a pressure exchange device, such as a pump 338. The solvent 332 is transferred
to a first chamber/side 316a of the reverse osmosis system 316 under pressure, thereby forcing
solvent through the reverse osmosis membrane 317 and resulting in a purified solvent 334 on the
second chamber/side 316b of the membrane 317. The purified solvent 334 can be collected for
any intended purpose. Remaining under pressure in the first chamber/side 316a of the membrane

317 is the concentrated solution containing the at least one second ionic species of solute, which
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is unable to pass through the membrane 317. This concentrated solution 336 is then directed to
the forward osmosis system 312. In particular, the concentrated solution 336 is added to the
feed/first solution 320 and introduced therewith to the first chamber/side 312a of the system
312/membrane 313. The introduction of the concentrated solution 336 results in the second
solution containing both the at least one first and the at least one second ionic species of solutes
(e.g.. N a*, NH,*, and CO.). In alternative embodiments, the concentrated solution 336 is not
returned directly to the forward osmosis unit 312/first solution 320, but is transferred directly to
the second separation system 340, as shown by dashed line 323, in which case the concentrated
solution 336 is mixed with the second solution or brine concentrate. This may be particularly
beneficial in cases where the concentrated solution 336 has greater TDS, which can negatively
impact operation of the forward osmosis unit 312 by, for example, decreasing the osmotic
pressure in the system.

[0081] The first and second ionic species of solutes in the second solution 322 are
balanced, thereby resulting in the formation of ammonium carbonate and/or ammonium
bicarbonate and/or ammonium carbamate (i.e., additional removable draw solutes). The second
solution 322 is directed to a second separation/recycling system 340. In some embodiments, the
system 340 is used to concentrate/separate out the brine. The separation/recycling system 340
works similarly to the first separation/recycling system 330 and separates out the newly formed
additional draw solutes 344, These draw solutes 344 can be recycled back to the concentrated
draw solution source 324. The balanced ratio of ammonia ions and carbonate ions allows for
virtually all of the draw solutes being removed and recovered from the second solution. The

remaining second solution (e.g., brine) 342 can be further processed or otherwise disposed of.
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[0082] FIG. 6 is a flow chart generally depicting the operation of the various osmotically
driven membrane systems configured to maintain the ion balance of the overall system and
maximize recovery of draw solutes. As shown in FIG. 6, the process begins with providing a
first osmotically driven membrane system (Step 405) in the form of a forward osmosis system.
A first solution and a concentrated draw solution are introduced to opposite sides of a forward
osmosis membrane within the first system (Steps 415, 425). The process further includes the
step of promoting the flow of a solvent from the first solution into the concentrated draw solution
(Step 435). This step results in the formation of a second solution on one side of the membrane
and a dilute draw solution on the opposite side of the membrane. Due to the ion exchange
phenomena, the second solution will include a first ionic species of solute that reverse exchanged
through the membrane and the dilute draw solution will include a second ionic species of solute
that forward exchanged through the membrane.

[0083] One of the next steps in the process includes directing the dilute draw solution to
a first separation/recycling system (Step 445), where the draw solutes are recovered and recycled
back to the concentrated draw solution. Generally, because of the loss of the first ionic species
of draw solute from the concentrated draw solution, there is an imbalance of draw solutes within
the dilute draw solution, which impedes/prevents the recovery of all draw solutes from the dilute
draw solution. Specifically, an excess of at least one draw solute will remain in the recovered
solvent as an ionic species of draw solute, which is included in the at least one second ionic
species of solute. In the exemplary system, the at least one second ionic species of solute will
include the sodium ions and the carbonate ions.

[0084] The remaining solvent that is recovered in the first separation system is then

directed under pressure to a second osmotically driven membrane system (Step 455) in the form
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of a reverse osmosis system. The flow of solvent across the reverse osmosis membrane is
promoted, resulting in a purified solvent on one side of the membrane and a concentrated
solution on the opposite side of the membrane (Step 465). The purified solvent can be collected
for use (e.g., as potable water) or otherwise further processed. The concentrated solution, which
contains the at least one second ionic species of solute, is directed to the first osmotically driven
membrane system, where it is combined with the first solution and introduced to the first
osmotically driven membrane system (Step 475).

[0085] The at least one second ionic species of solute (e.g., Na* and CO5") will balance
with the at least one first ionic species of solute (NH,") present in the second solution (Step 4853),
thereby resulting in the formation of additional removable draw solutes. The second solution can
be removed from the first osmotically driven membrane system and directed to a second
separation/recycling system (Step 495), where the additional draw solutes can be removed and
recycled to the concentrated draw solution. The remaining concentrated second solution (e.g.,
brine) can be further processed or otherwise disposed of.

[0086] In accordance with one or more embodiments, the devices, systems and methods
described herein may generally include a controller for adjusting or regulating at least one
operating parameter of the device or a component of the systems, such as, but not limited to,
actuating valves and pumps, as well as adjusting a property or characteristic of one or more fluid
flow streams through a forward osmosis membrane module. A controller may be in electronic
communication with at least one sensor configured to detect at least one operational parameter of
the system, such as a concentration, flow rate, pH level, or temperature. The controller may be
generally configured to generate a control signal to adjust one or more operational parameters in

response to a signal generated by a sensor. For example, the controller can be configured to
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receive a representation of a condition, property, or state of any stream, component, or subsystem
of the osmotically driven membrane systems and associated pre- and post-treatment systems.
The controller typically includes an algorithm that facilitates generation of at least one output
signal which is typically based on one or more of any of the representation and a target or desired
value such as a set point. In accordance with one or more particular aspects, the controller can
be configured to receive a representation of any measured property of any stream, and generate a
control, drive or output signal to any of the system components, to reduce any deviation of the
measured property from a target value.

[0087] In accordance with one or more embodiments, process control systems and
methods may monitor various concentration levels, such as may be based on detected parameters
including pH and conductivity. Process stream flow rates and tank levels may also be controlled.
Temperature and pressure may be monitored. Membrane leaks may be detected using ion
selective probes, pH meters, tank levels, and stream flow rates. Leaks may also be detected by
pressurizing a draw solution side of a membrane with gas and using ultrasonic detectors and/or
visual observation of leaks at a feedwater side. Other operational parameters and maintenance
issues may be monitored. Various process efficiencies may be monitored, such as by measuring
product water flow rate and quality, heat flow and electrical energy consumption. Cleaning
protocols for biological fouling mitigation may be controlled such as by measuring flux decline
as determined by flow rates of feed and draw solutions at specific points in a membrane system.
A sensor on a brine stream may indicate when treatment is needed, such as with distillation, ion
exchange, breakpoint chlorination or like protocols. This may be done with pH, ion selective
probes, Fourier Transform Infrared Spectrometry (FTIR), or other means of sensing draw solute

concentrations. A draw solution condition may be monitored and tracked for makeup addition
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and/or replacement of solutes. Likewise, product water quality may be monitored by
conventional means or with a probe such as an ammonium or ammonia probe. FTIR may be
implemented to detect species present providing information which may be useful, for example,
to ensure proper plant operation, and for identifying behavior such as membrane ion exchange
effects.

[0088] Forward osmosis may be paired with scale prevention pretreatments to allow high
feedwater recovery including, for example, ion exchange, chemical softening, nano-filtration,
anti-scalants, and/or precipitation techniques. Air scouring in a scaling prevention system for FO
may be used to prevent scaling on a membrane surface. Forward osmosis may be used for
organic containing waters without aeration for biological activity. A waste stream may be
concentrated for potential use in a digester, while potentially producing methane within the
membrane tank for energy use, and producing a product water of reuse quality. This may be
particularly effective in an immersed membrane tank design. In addition to providing oxygen,
air scouring may also be used to permit a high concentration of organics without membrane
fouling. A batch or continuous stir tank reactor (CSTR) type operation may be implemented
with forward osmosis, particularly to allow for enhanced function of organics concentrating
forward osmosis and/or precipitating systems. Pressure retarded osmosis systems may also be in
an immersed tank configuration. Pressure retarded osmosis systems may be aerated to prevent
fouling and/or scaling and to reduce concentration polarization. Reactive gases may also assist
in this functionality. Biological growth in forward osmosis systems may be controlled by
alternating which membrane modules or sections of an array are exposed to high or low osmotic
pressures. For example, a membrane array section which normally sees 0.5 M waters may be

changed to the treatment of 2M waters. Such adjustment will make biofilm growth very difficult.

44



WO 2012/148911 PCT/US2012/034801

Degassing of the feed stream may also be performed to prevent growth of certain types of
biological organisms. For example, removing oxygen may restrict growth of nitrifying
organisms that might oxidize ammonia passing from draw solution to feed solution. Sulphite
reduction, biological treatment, osmotic shocks, conventional cleaning techniques which do not
react with draw solution, product water flux without chemicals, brine solution aeration, and
bisulfite addition are other techniques which may be implemented to restrict biological activity.
In some embodiments, pH, ion probe, FTIR, and/or flow rates may be used to control forward
osmosis systems to ensure desired fluxes, osmotic pressure differences, ratios of ammonia to
carbon dioxide, and concentrations.

[0089] Having now described some illustrative embodiments of the invention, it should
be apparent to those skilled in the art that the foregoing is merely illustrative and not limiting,
having been presented by way of example only. Numerous modifications and other
embodiments are within the scope of one of ordinary skill in the art and are contemplated as
falling within the scope of the invention. In particular, although many of the examples presented
herein involve specific combinations of method acts or system elements, it should be understood
that those acts and those elements may be combined in other ways to accomplish the same
objectives.

[0090] Furthermore, those skilled in the art should appreciate that the parameters and
configurations described herein are exemplary and that actual parameters and/or configurations
will depend on the specific application in which the systems and techniques of the invention are
used. Those skilled in the art should also recognize or be able to ascertain, using no more than
routine experimentation, equivalents to the specific embodiments of the invention. It is,

therefore, to be understood that the embodiments described herein are presented by way of
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example only and that, within the scope of any appended claims and equivalents thereto; the
invention may be practiced other than as specifically described.

[0091] The phraseology and terminology used herein is for the purpose of description
and should not be regarded as limiting. As used herein, the term “plurality” refers to two or
more items or components. The terms “‘comprising,” “including,” “carrying,” “having,”
“containing,” and *“involving,” whether in the written description or the claims and the like, are
open-ended terms, i.e., to mean “including but not limited to.” Thus, the use of such terms is
meant to encompass the items listed thereafter, and equivalents thereof, as well as additional
items. Only the transitional phrases “consisting of” and “consisting essentially of,” are closed or
semi-closed transitional phrases, respectively, with respect to any claims. Use of ordinal terms

"

such as “first,” “second,” “third,” and the like in the claims to modify a claim element does not
by itself connote any priority, precedence, or order of one claim element over another or the
temporal order in which acts of a method are performed, but are used merely as labels to
distinguish one claim element having a certain name from another element having a same name

(but for use of the ordinal term) to distinguish claim elements.

[0092] What is claimed is:
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CLAIMS

1. A method of maximizing draw solute recovery in an osmotically driven membrane
system, the method comprising the steps of:

providing a first osmotically driven membrane system comprising a forward osmosis
membrane, the system configured for receiving a first solution comprising a solvent on a first
side of the membrane and a concentrated draw solution on a second side of the membrane;

osmotically separating the solvent from the first solution with the concentrated draw
solution via an osmotic concentration gradient across the membrane, thereby forming a second
solution on the first side of the membrane and a dilute draw solution on the second side of the
membrane, wherein the second solution comprises at least one first ionic species of solute via
reverse ion exchange through the membrane;

recovering at least one draw solute and the solvent from the dilute draw solution, wherein
the recovered solvent comprises at least one second ionic species of solute;

recycling the recovered at least one draw solute to the first osmotically driven membrane
system;

providing a second osmotically driven membrane system comprising a reverse osmosis
membrane;

pressurizing the recovered solvent in the second osmotically driven membrane system to
recover a substantially pure solvent and a concentrated solution comprising the at least one
second ionic species of solute;

recycling the concentrated solution comprising the at least one second ionic species of
solute to the first osmotically driven membrane system, wherein the concentrated solution is
added to the first solution, thereby resulting in the second solution comprising the at least one
first ionic species of solute and the at least one second ionic species of solute;

ionically balancing the at least one first species of solute with the at least one second
species of solute to form additional removable draw solutes; and

recovering the additional draw solutes and a third solution from the second solution.
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2. The method of claim 1 further comprising the step of recycling the additional draw

solutes into the concentrated draw solution.

3. The method of claim 1, wherein the step of recovering at least one draw solute and the

solvent from the dilute draw solution comprises distillation.

4. The method of claim 1, wherein the concentrated draw solution comprises ammonia and

carbon dioxide in a molar ratio of at least 1:1.

5. A system for osmotic extraction of a solvent from a first solution, comprising:

a forward osmosis system comprising:

a first chamber having an inlet fluidly connected to a source of the first solution
comprising the solvent;

a second chamber having an inlet fluidly connected to a source of a concentrated
draw solution, the concentrated draw solution having an osmotic concentration greater than the
first solution; and

a semi-permeable membrane separating the first chamber from the second
chamber, wherein the greater osmotic concentration causes separation of the first solution and
the formation of a dilute draw solution in the second chamber and a concentrated first solution
comprising at least one first ionic species of solute in the first chamber;

a first separation system fluidly coupled to the forward osmosis system downstream of
the second chamber and configured to receive the dilute draw solution therefrom and to separate
the dilute draw solution into draw solutes and a solvent stream comprising the solvent from the
first solution and at least one second ionic species of solute;

a pressure exchanger fluidly coupled to the separation system and configured to
pressurize and transport the solvent stream;

a reverse osmosis system fluidly coupled to the pressure exchanger and comprising:

a first chamber configured for receiving the pressurized solvent stream;

a semi-permeable reverse osmosis membrane coupled to the first chamber; and
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a second chamber coupled to the semi-permeable reverse osmosis membrane and
configured for receiving a solvent fluxed through the reverse osmosis membrane, wherein the
first chamber of the reverse osmosis system is fluidly coupled to the first chamber of the forward
osmosis system to provide reverse osmosis concentrate comprising a concentrated solvent stream
and the at least one second ionic species of solute to the first chamber of the forward osmosis
system as at least a portion of the first solution, wherein the at least one second ionic species of
solute ionically balances with the at least one first ionic species of solute to form additional draw
solutes in the first chamber of the forward osmosis system;

a second separation system fluidly coupled to the first chamber of the forward osmosis
system and configured for receiving the concentrated first solution and the additional draw
solutes therefrom and removing at least one of the additional draw solutes and a product stream
from the concentrated first solution; and

a first recycling system in fluid communication with the second separation system for

returning the additional draw solutes to the concentrated draw solution.

6. The system of claim 5, wherein the concentrated draw solution comprises ammonia and

carbon dioxide in a molar ratio of at least one to one.

7. The system of claim 5, wherein at least one of the first and second separation systems

comprises at least one of a distillation column or a contact membrane.

8. The method of claim 1, wherein the at least one first ionic species of solute comprises
NH;4".
9. The method of claim 1, wherein the at least one second ionic species of solute comprises

at least one of Na*t or COs.
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10. The method of claim 1 further comprising the step of introducing a plurality of seeds to

the first side of the forward osmosis membrane.

11. The method of claim 1, wherein the step of recycling the recovered at least one draw

solute comprises mechanical vapor recompression of the recovered at least one draw solute.

12. The system of claim 5, wherein the at least one first ionic species of solute comprises
NH4*.
13. The system of claim 5, wherein the at least one second ionic species of solute comprises

at least one of Na* or COs".

14. The system of claim 5 further comprising means for introducing a plurality of seeds to

the first chamber.

15. The system of claim 5 further comprising a second recycling system in fluid
communication with the first separation system for returning the separated draw solutes to the

forward osmosis system.

16. The system of claim 15, wherein at least one of the first and second recycling systems

COI’IlpI'iSGS a compressor.
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SUBSTITUTE SHEET (RULE 26)
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