
WO 2010/080546PCT/US2009/068590 SIYER.001VPCPATENT SYSTEMS AND
METHODS FOR FORWARD OSMOSIS FLUID PURIFICATION BACKGROUND Technical
Field 100011This disclosure relates generally to the purification of
fluids and more specifically to the desalination and purification of
seawater or brackish water. Related Art  100021Today's world has
increasingly greater need for fresh, drinkable water. Current
desertification is taking place much faster worldwide than
historically, arising from the demands of increased populations. In
addition, freshwater resources are being depleted, escalating the
need for a new economically efficient way to produce potable water.
10003] The abundant availability of seawater and development of new
technologies for desalination of brine and brackish waters will be a
potential solution to the pressing worldwide problem of limited
freshwater supplies and sources, with major societal benefits and
impacts. Thus there is global demand for desalination and fluid
purification in general. [0004)Desalination using membrane processes,
which mainly rely upon reverse osmosis (RO), are presently the
fastest growing technology, approximating around 22% of world
desalination capacity. Reverse osmosis uses dynamic pressure to
overcome the osmotic pressure of salt solutions, allowing
water-selective permeation of salt-free water to migrate from the
saline side of a membrane to the freshwater side. However, RO systems
need high pressures (50 to 100 atm or 800 to 1500 psi) and extensive
pre-treatment of seawater to allow sufficient permeation through the
RU membrane, leading to a seawater conversion rate between about 35
to 50%. Furthermore, initial membrane costs and replacement issues
lead to high capital investments and operating costs for RU systems.
100051 Notwithstanding the advancement in water purification
techniques, and in particular water desalination (purification)
technology, the capital and operating costs of these processes remain
significantly higher than the cost of retrieving natural fresh water
and  WO 2010/080546PCT/U52009/068590 SIYER.001VPCPATENT delivering it
as potable fresh water. Water, in the United States, is typically
priced for wholesale at $100 to $450 per acre-foot, depending on
geographic location and proximity to freshwater sources. In
California, the wholesale cost of freshwater is approximately $500
per acre-foot. Presently, the cost of desalination is in the range of
$617 to $987 per acre-foot of desalinated water. Desalination of
brackish water by RO processes, while cheaper, is still relatively
expensive, ranging from $247 to $432 per acre-foot.
10006]Consequently, a need remains for water purification processes
that can operate with lower energy requirements, higher efficiency,
and/or lower costs than the current state-of-the-art fluid
purification processes. SUMMARY 100071The systems and methods
disclosed herein utilize forward osmosis for fluid purification, such
as seawater desalinization and brackish water purification. Various
embodiments include the realization that the function of forward
osmosis can be improved through the use of one or more cloud-point
solutes to generate high osmotic pressure differentials with the salt
water or fluid to be treated. The use of cloud point solutes can
advantageously permit recycling of the forward osmosis permeate
through cloud-point extraction. The result is systems and methods
that can operate with lower energy requirements, lower operating
temperatures and pressures, higher efficiency, high flux rates of
fluids, and/or lower costs than previous fluid purification processes



SIYER.001VPCPATENT communication with the feed solution-facing
surface of the semi-permeable membrane, wherein the feed solution
comprises a fluid to be purified and impurities dissolved in the
fluid to be purified. The system can comprise a draw solution in
communication with the draw solution-facing surface of the
semi-permeable membrane. The system can comprise a precipitation
system configured precipitate the at least one cloud point solute
from the draw solution. 10010]A forward osmosis fluid purification
system can comprise a feed solution chamber and a feed solution
disposed in the feed solution chamber comprising a fluid and
impurities dissolved in the fluid. A system can comprise a draw
solution chamber and a draw solution disposed in the draw solution
chamber comprising the fluids and at least one cloud point solute
dissolved in the fluid. A system can comprise a a semi-permeable
membrane disposed between the feed solution chamber and the draw
solution chamber separating the feed solution from the draw solution,
wherein the membrane is configured to permit diffusion of the fluid
from the feed solution into the draw solution. A system can comprise
a precipitation system in communication with the draw solution
chamber, wherein the precipitation system is configured to cause
precipitation of the at least one cloud point solute in the draw
solution. A system can comprise a a filtration system in
communication with the precipitation system configured to separate at
least a portion of the precipitated at least one cloud point solute
from the fluid in the draw solution. A system can comprise a return
line in communication with the filtration system configured to
receive the separated at least one cloud point solute and return the
at least one cloud point solute to the draw solution chamber. A
system can comprise an outlet line in communication with the
filtration system configured to receive the fluid separated from the
draw solution. 10011]The draw solution can comprise at least one
cloud point solute. The concentration of the at least one cloud point
solute in the draw solution can be greater than the concentration of
the impurities in the feed solution. The feed solution can comprise
seawater or brackish water. The fluid to be purified can be water.
The solubility of the at least one cloud point solute in the fluid to
be purified can be a molar ratio of at least 3:1. The at least one
cloud point solute can have a molecular weight between about 300 Da
and 800  WO 2010/080546PCT/US2009/068590 SIYER.001VPCPATENT Da. The
at least one cloud point solute can comprise a hydrophobic component
and a hydrophilic component. The at least one cloud point solute can
comprise a polyoxyorganic chain. The at least one cloud point solute
can comprise a polyethylene glycol or a polypropylene glycol. The at
least one cloud point solute can comprise a polyethylene glycol
selected from the group consisting of FA PEG-300, FA PEG-400, PEG-400
ML, and FA PEG-600. The at least one cloud point solute can comprise
an ethoxylate. The at least one cloud point solute comprises a fatty
acid ethoxylate or a fatty alcohol ethoxylate. The concentration of
the at least one cloud point solute in the draw solution can be
between about 30% and 75%. The concentration of the at least one
cloud point solute in the draw solution can be between about 50% and
70%. 100121The precipitation system can comprise a heater configured
to heat the draw solution to at least the cloud point temperature of
the draw solution. The precipitation system can comprises a gas
treatment system configured to add at least one water-insoluble gas



10019]In various embodiments, processes for purification of solvents
are provided. A process can comprise inducing forward osmosis across
a semi-permeable membrane by creating an osmotic pressure
differential using a draw solution comprising one or more solutes
having a cloud point below the boiling point of the solvent, whereby
the draw solution becomes more diluted as solvent is drawn across the
membrane. The process can comprise heating the diluted draw solution
to just above the cloud point temperature to trigger phase separation
of the solute. The process can comprise separating the solutes from
the draw solution by filtration. The process can comprise retrieving
the solutes for recyleable use in the forward osmosis process.
[0020]At least one of the solutes can comprise an organic compound
characterized by a high osmotic pressure. At least one of the solutes
can comprise a polymeric compound characterized by a high osmotic
pressure. The solute can comprise a molecular weight of about
200-600. 10021]In various embodiments, processes for desalination of
salinated water are provided. A process can comprise osmotically
separating pure water from salinated water by inducing forward
osmosis through a semi-permeable membrane by creating an osmotic
pressure differential across the membrane using concentrated
solutions of solutes in water to create a solution with higher
osmotic pressure than the desalinated water. The osmotic separation
can serve to drive pure water across the membrane from the salinated
water side to the side containing the solutes by virtue of the high
solubility and high osmotic pressures in the solvent of the solutes
being used. The osmotic separation through forward osmosis can result
in a diluted solution. The process can comprise inducing clouding of
the diluted solution of solutes by heating the solution to above the
cloud point of the solutes by reaching a temperature at which a
solubility inversion of the solute in the solvent occurs, thereby
reducing its solubility and causing it to precipitate out of the
solution. The process can  WO 2010/080546PCT/US2009/068590
SIYER.001VPCPATENT  comprise separating potable water as a permeate
from the organic solutes by a mechanism of filtration. The process
can comprise re-dissolving the clouded solutes filtered out from the
water by reverse flushing the filtration system at a temperature
below the cloud point of the solutes and generating a solution of
concentrated organic solutes in water for recycling for use in
forward osmosis processing. [0022]At least some of the solutes can
comprise organic solutes. At least some of the solutes can comprise
polymeric solutes. At least some of the organic solutes can have a
cloud point well below the boiling point of water in the temperature
range of about 35- 70C. 10023]Inducing clouding can be achieved by
the addition of water-insoluble gases in order to lower the cloud
point of the solution to ambient temperatures or thereabout. At least
some of the solutes can have a molecular weight of between about
300-800 Daltons. The solutes can comprise a hydrophobic component and
a hydrophilic component to generate sufficiently high osmotic
pressures to drive water across a semi-permeable membrane by the
process of forward osmosis. The solutes can have a high solubility in
the solvent greater than 3 molar ratios to generate sufficiently high
osmotic pressures to diive water across a semi-permeable membrane by
the process of forward osmosis. [0024]In various embodiments, systems
for purification of a solvent are provided. A system can comprise a
forward osmosis apparatus comprising a semi-permeable membrane, the



correspondence between referenced elements. In addition, the first
digit of each reference number indicates the figure in which the
element first appears. DETAILED DESCRIPTION 10031]For a more detailed
understanding of the disclosure, reference is first made to FIG. 1,
which illustrates a schematic representation of an example forward
osmosis system 10. The forward osmosis system 10 comprises a feed
solution 18 and a draw solution 24 separated by a semi-permeable
membrane 30. 100321The feed solution reservoir 12 is configured to
hold a feed solution 18. The feed solution reservoir 12 can receive
the feed solution 18 from a first source (not shown) through a first
conduit 16. In the example embodiment, the feed solution 18 is in
fluid communication with the membrane 30 via an optional first
bulkhead 36. 100331The draw solution reservoir 14 is configured to
hold a draw solution 24. The draw solution reservoir 14 can receive
the draw solution 14 from a second source (not  WO
2010/080546PCT/US2009/068590 SIYER.001VPCPATENT shown) through a
second conduit 22. In the example embodiment, the draw solution 24 is
in fluid communication with the membrane 30 via an optional second
bulkhead 36. Feed Solution  10034]The feed solution 18 comprises a
fluid to be purified and one or more impurities. In at least one
embodiment, the feed solution comprises between about 35,000 and
40,000 ppm of salts in water, for example, seawater. In at least one
embodiment, the feed solution comprises between about 10,000 and
35,000 ppm of salts in water, for example, brackish water Many
temperatures and pressures are suitable for providing the feed
solution 18. For example, the feed solution 18 can be provided at
ambient temperatures and pressures of seawater. [0035]The systems and
methods disclosed herein are also applicable to numerous fluid
purification applications where it is desirous to remove at least one
contaminant or solute from a fluid, e.g., waste water purification
and contaminated water purification. Draw Solution  [0036]The draw
solution 24 comprises the fluid to be purified and one or more cloud
point solutes. A cloud point solute exhibits reverse solubility
versus tempei ature behavior than what is ordinarily expected for a
solute mixed with a solvent. Many temperatures and pressures are
suitable for providing the draw solution 24. For example, the draw
solution 24 can be provided at ambient temperatures and pressures of
seawater. Cloud Point Solutes f0037]A cloud point solute is soluble
in a solvent at lower temperatures but "clouds out" of the solvent as
a cloudy precipitate at higher temperatures. Depending on the
specific gravity of the cloud point solute, either the cloud point
solute settles down to the bottom or floats on top of the solvent.
Thus, certain cloud point solutions can exhibit phase separation into
two or more immiscible phases at higher temperatures. Preferably, the
clouding effect is also reversible. That is, upon cooling, the
solution will re-clarify.       [0038]The temperature at which the
dissolved solutes begin to precipitate is called the "cloud point."
This behavior is characteristic of certain polymeric and/or organic
WO 20101080546PCT/US20091068590 SIYER.00IVPCPATENT compounds,
including various surfactants, dispersants, foaming agents,
emulsifiers, emollients, and lubricants. [0039]A number of cloud
point solute compositions are suitable for use in  various
embodiments disclosed herein. Preferably, the cloud point solutes
have a molecular mass of at least about 200 Da. In preferred
embodiments, the cloud point solutes have a molecular mass between



[0040]Certain embodiments include the realization that forward
osmosis flux rates can be improved through the use of cloud point
solutes comprising a hydrophobic component and a hydrophilic
component, such as a surfactant. The solubility in water of solutes
with a hydrophobic component and a hydrophilic component is based on
the hydration of the oxygen groups in the compound via hydrogen
bonding. Since this hydration decreases with increasing temperature,
the solubility of these compounds in water decreases accordingly. In
certain embodiments, these solutes are nonionic organic compounds. In
certain embodiments, the solutes are polymers. [0041]Additional
examples of desirable solutes comprising a hydrophobic component and
a hydrophilic component are organic compounds with polyoxyorganic
chains, such as polyoxyethylene or polyoxypropylene chains. Preferred
solutes include polyethylene glycols (for example, fatty acid or
fatty alcohol polyethylene glycols, like FA PEG-300, -400, and -600
and PEG-400 ML) and polypropylene glycols. Additional examples
desirable solutes include ethoxylates, such as fatty acid ethoxylates
and fatty alcohol ethoxylates. [0042]The cloud point temperature
depends on the composition and concentration of the cloud point
solute(s) used. In certain preferred embodiments, the cloud  WO
2010/080546PCMIS2009/068590 SIYER.001VPCPATENT point solute(s) are
selected such that the draw solution has a single cloud point. In
various embodiments, the cloud point solute composition and
concentration are selected such that the cloud point is at least
about 10C (50F) higher than the ambient temperature of the feed
solution. In certain embodiments, the cloud point is between about
30C (90F) and 75C (170F), between about 35C (95F) and 70C (160F), or
between about 40C (100F) and 50C (120F). Preferably, the cloud point
solutes have a tendency to cloud at a temperature range from about
45C (I10F) or 50C (120F) to 70C (160F) It is preferred that the cloud
point solutes have a tendency to cloud at a concentration range
between about 5% and 20% solute in water. 100431The stability of
various cloud point solvents was tested at various temperatures. For
temperatures ranging from 25C to 100C, there were no significant
changes found in p1-1, color, volume, and weight. 100441The cloud
point solutes in the draw solution 24 are at a greater concentration
than the impurities in the feed solution 18. Preferably, the initial
concentration of cloud point solutes in the draw solution is at least
two or three times greater than the impurities in the feed solution.
More preferably, the initial concentration in the draw solution is at
least four or five times greater than the feed solution. Most
preferably, the initial concentration of the draw solution is at
least eight, nine, ten, or eleven times greater than the feed
solution. In certain embodiments, the initial concentration of the
cloud point solutes in the fluid to be puiified is between about 30%
and 75%. In certain embodiments, the initial concentration of the
cloud point solutes is between about 50% and 70%, e.g., 67.5%.
Membrane 100451Returning again to the example embodiment of FIG. 1,
the membrane 30 is disposed between two gaskets (first gasket 32a and
second gasket 32b) and two flanges (first flange 34a and second
flange 34b). In the example embodiment, the gaskets 32a, 32b and
flanges 34a, 34b serve to position the membrane in use. The
flange-and-gasket system is merely an example, and alternative
techniques can be used for positioning the membrane 30 in the forward
osmosis system 10.  WO 2010/080546PCT/U52009/068590



Hydrotech CTA 15 GPD membrane - 15 gals/day Hydrotech TFC 15 GPD
membrane - 15 gals/day Microline CTA-I 4 RO membrane - 14 gals/day
Microline TFC-25 GPD RO membrane - 25 gals/day; "dry" design, can be
stored for over a yr; replace every 2 yrs Rainsoft Ultrefiner
Compatible CTA RS9-10 - 10 gals/day; best for chlorinated water
Rainsoft Ultrefiner Compatible TFC-RS9-I2 - 12 gals/day  Table 1.
Commercially Available Membranes [0049]The specifications for the
above reverse osmosis membranes are listed below in Table 2.
Performance of these membranes, per manufacturers' specifications, is
WO 2010/080546PCT/US2009/068590 SIYER.001VPCPATENT rated by
selectivity, chemical resistance, operational pressure differential,
and the pure water flow rate per unit area. The preferred conditions
for use of these membranes include timely hydration of the membranes
just prior to use. Characteristics TFC Membranes CTA Membranes Water
rate (to atmosphere @ 60psi, 77 F) 22 gals/day 24 - 35 gals/day
Maximum feed water TDS (w/ sufficient line pressure) 1200 mg/I 2000
mg/1 Maximum feed water hardness 10 gpg 



10 gpg Rejection of TDS 88-93% 95-98% Feed water temperature 40-86F/
4-30C 40-113F/ 4-45C Feed water pH 3.0-9.0 2.0-11.0 Maximum feed
pressure (in suitable pressure vessel) 50-100 psi 50-100 psi Booster
pump pressure 80 psi 80 psi Chlorine Tolerance excess of 10,000 mg1
sensitive to chlorine & other oxidizers Table 2. TFC Membranes vs.
CTA Membranes Forward Osmosis Process 100501The driving force for
purification of the fluid is the difference in concentrations (that
is, the difference in osmotic pressures or the "osmotic pressure
gradient") across the semi-permeable membrane 30. Osmosis is the
diffusion of a solvent through a semi-permeable membrane, from a
solution of lower solute concentration (hypotonic solution) to a
solution with higher solute concentration (hypertonic solution).
Because osmotic pressure is a colligative property, osmosis generally
depends on solute concentration, but not on solute identity. Thus,
forward osmosis of a solvent fluid will proceed across a
semi-permeable membrane so long as the concentration of one solute is
greater than the concentration of another solute, regardless of the
identities of the solutes.       10051] As the fluid to be purified
flows across the semi-permeable membrane 30 and into the draw
solution 24, the feed solution 18 becomes more concentrated over
time. When it reaches a certain concentration, the feed solution 18
can be directed through a first conduit 42 for further processing or
for return to the environment (e.g., as brine). As an example, a 3.5%
NaCl seawater solution can be concentrated to a 10-15% brine
solution,  WO 2010/080546PCT/US2009/068590 SIYER.001VPCPATENT prior
to discharge back to the ocean. Of course, other concentrations
levels are suitable for deciding when to remove the concentrated feed
solution 18. In certain embodiments, continuous removal of the feed
solution is contemplated. [00521Conversely, the draw solution 24
becomes more diluted over time. The diluted draw solution 24 (or
"permeate") comprising water and one or more cloud point solutes can
be directed through a second conduit 44 for further processing. In
certain embodiments, the diluted draw solution 24 is removed for
processing when it reaches a solute concentration of between about 1
and 25%, preferably 10% or less, more preferably about 5% or less,
and most preferably about 1%. In certain embodiments, continuous
removal of the draw solution is contemplated. 



Fluid Purification System  100531Reference is next made to FIG. 2,
which illustrates a schematic representation of a fluid purifying
system 100 comprising a forward osmosis system 10 and a filtration
system 60. As explained above, the forward osmosis system 10 is
configured to accept a feed solution inflow 16 and to generate a more
concentrated feed solution outflow 42 for disposal or further
processing. The forward osmosis system 10 is further configured to
accept a draw solution inflow 22 and to generate a more dilute draw
solution outflow 44, containing the fluid to be purified and cloud
point solutes, for further processing.       100541 In certain
embodiments, the more dilute draw solution outflow 44 flows out of
the forward osmosis system 10 and into a precipitation system 50. In
certain embodiments, the draw solution (not shown) is precipitated
while it is in the forward osmosis system 10 (e.g., in the draw
solution reservoir, not shown). 100551In certain embodiments, the
precipitation system 50 comprises a heating unit. In the heating unit
(or in the draw solution reservoir), the temperature of the draw
solution outflow 44 (or draw solution) is raised until the cloud
point is reached and, preferably, slightly exceeded. For example, the
draw solution outflow 44 can be raised until the temperature exceeds
the cloud point by about 2-5C. When the cloud point is reached, the
cloud point solute begins to form a cloudy precipitate, due to
lowered solubility in the fluid to be purified (that is, the
solvent). In certain embodiments, a phase separation of the  WO
2010/080546PCT/US2009/068590 SIYER.001VPCPATENT draw solution or draw
solution outflow 44 can be observed. For example, the draw solution
outflow 44 may separate into two immiscible layers, a solvent layer
and a clouded solute layer. [0056]In certain embodiments, the
precipitation system 50 comprises a gas treatment unit. In the gas
treatment unit (or in the draw solution reservoir), clouding of the
draw solution outflow 44 (or draw solution) is achieved by the
addition of at least one water-insoluble gas in order to lower the
cloud point of the solution to ambient temperatures or thereabout.
For example, methyl chloride can be bubbled through the draw solution
outflow 44. In certain embodiments, the precipitation system 50 can
comprise a gas treatment unit for lowering the cloud point of the
solution and a heating unit for raising the temperature of the draw
solution or draw solution outflow 44. Other techniques for
precipitating a cloud point solute from solution are also suitable.
[0057]After phase separation and/or precipitation has occurred, the
draw solution or draw solution outflow 44 is discharged as a
precipitated solution 52. The precipitated solution 52 can then be
directed to a filtration system 60. 100581The filtration system 60 is
configured to remove the precipitated cloud- point solute(s) from the
precipitated solution 52. In preferred embodiments, the filtration
system 60 comprises a nano-filtration membrane. An example of a
suitable nano-filtration membrane is Koch SelRo MPF-34. Alternative
filtration systems are contemplated. Furthermore, other membranes
such as reverse osmosis membranes and ultra filtration membranes and
combinations of membranes are suitable. [00591In certain embodiments,
the filtration system 60 is selected based on a molecular weight
cut-off value (MWCO). In those embodiments, the filtration system 60
will preferably reject at least 90% of solutes having a molecular
weight at or above the MWCO. Accordingly, the molecular weight
cut-off point (MWCO) of the filtration system 60 should be lower than



SIVER.00l VPCPATENT 100641U.S. Patent No. 5,679,254 to Chakraborti
discusses desalination of seawater by nonionic surfactant aided phase
separation. The '254 patent describes a method for recovering
relatively salt-free water by adding nonionic surfactants to aqueous
salt solutions. The surfactants used are from a family of nonionic
compounds called alkoxylates, which exhibit multiple cloud points to
create various biphasic solutions. The temperature of the mixture is
raised above a first cloud point to cause the mixture to phase
separate into a first predominantly salt-rich phase and a second
salt-free phase, the salt-free phase comprising water and non-ionic
surfactant. The salt-free phase is subsequently separated from the
salt-rich phase. The temperature of the separated salt-free phase is
further raised above the second cloud point to promote an additional
phase separation into a surfactant-rich phase and a surfactant-free
phase. The surfactant-free phase is then separated to provide potable
water. 100651The '254 patent differs from the systems and methods
disclosed herein. For example, the '254 patent relies upon a nonionic
surfactant which possesses multiple cloud .points. In contrast, the
disclosed systems and methods can function with a draw solution
having a single cloud point. As another example, the '254 patent
requires co-solvents like cyclohexanol and 2-ethylbutyl cellulose for
the final water separation from the surfactant. In contrast, the
cloud point solutes disclosed herein can be directly separated from
the fluid to be purified using a filtration unit, such as a
nanofiltration or ultrafiltration membrane, without requiring
additional chemicals to be added. 100661Table 3 below shows the
energy requirements for different conventional desalination processes
used by various public water utilities. The data in Table 3
demonstrate that the systems and methods disclosed herein can reduce
the operating costs of desalinating water by a factor of three to
five over existing desalination technologies, such that the costs are
comparable to wholesale freshwater sources.  WO
2010/080546PCT/US2009/068590 SIYER.001VPCPATENT Process Energy costs,
kWh/acre-ft of water Reverse Osmosis 6,000-12,000 Multi-stage flash
distillation 3,500-7,000 Multi-effect distillation 2,500-5,000 Vapor
Compression 10,000-15,000 ForwardOsmosis(estimatedfor Osmotics
Technologies Inc. process) 4,000-6,000 Forward Osmosis (as disclosed)
1,500-3,000  Table 3. Energy Requirements for Desalination Processes
EXAMPLE 1 DETERMINATION OF CLOUD POINT 100671The cloud point
temperatures of cloud point solutes were determined at 



temperatures ranging from 10 to 70C and concentrations varying from
10 to 90%. Visual measurements were made at 10C intervals. For
example, the clarity/cloudiness of the individual solutions was
assessed. The data collection for one example of the cloud point
solutes tested, a fatty acid-polyethylene glycol (FA-PEG) called PEG
400 ML, is shown in Table 4 below. In Table 4, "0" represents a
visibly clear solution; a single asterisk "*" represents very slight
clouding; a double asterisk "**" represents more pronounced clouding;
and a triple asterisk "***" represents substantial clouding. A
correlation between concentration, temperatures, and cloud points can
be noted, enabling a determination of the operational design points
of the forward osmosis system at varying solute concentrations and
temperature.  WO 2010/080546PCT/US2009/068590 SIYER.001VPCPATENT
Water Dilution (%) Temp. (t) 10 20 30 40 50 60 70 80 90 10 0 0 0 0 0
0 0 0 0 20 0 0 0 



0 0 0 0 0 0 30 0 0 0 0 0 0   ** 40 0 0 0 0 0 0  ** ** 50 0 0 0 9 



0  *** *** *** 60 0 0 0 0  *** *** *** *** 70 0   ** *** ***  *** ***
80      



90          Table 4. Organic solute PEG 400 ML in water/temperature
experiments        100681 No cloudiness was observed below 25C, which
is higher than the inlet seawater temperature for most areas of North
America. At 30C, slight cloudiness for solutions containing more than
70% water was observed. Complete cloudiness and phase separation
occurred above 50C for the 70-90% water solution. 100691Based upon
Table 4, an example process can be derived to treat a seawater feed
solution having a temperature of 20C. A concentrated draw solution
with 50% concentration of PEG-400 ML is prepared. The draw solution
is diluted through forward osmosis as fresh water moves from the feed
solution through a semi-permeable membrane, until the draw solution
reaches about 90% water content (that is, a 10% concentration of
PEG-400 ML). The draw solution is subsequently heated to about 50C to
trigger clouding of the PEG-400 ML. The clouded draw solution
(comprising precipitated PEG-400 ML and water) is passed through a
nanofiltration membrane to remove the precipitated PEG-400 ML. Where
recycling is included, the PEG-400 ML collected on the nanofiltration
membrane is dissolved back into solution as a re-concentrated draw
solution by flushing the nanofiltration membrane with cold water to
create a 50% concentrated draw solution.       100701Numerous other
processes for obtaining purified fluids from an impure feed solution
using cloud point solutes can be derived as well following similar
principles,  WO 2010/080546PCT/US2009/068590 SIYER.001VPCPATENT for
example, using cloud point solutes with varying ranges of cloud
points over different concentrations and temperatures. EXAMPLE 2
CLOUD POINT SOLUTE CONCENTRATION 100711Higher concentrations of cloud
point solutes in the draw solution 24  compared with the
concentration of impurities in the feed solution 18 can
advantageously improve recovery rates of the fluid to be purified.
FIG. 3 shows osmotic pressures and water recovery rates obtained for
an example forward osmosis system, from a seawater solution having an
osmotic pressure of 27.2 atm. In this example, ammonium carbonate was
used as the solute in the draw solution. However, as described in
more detail above, because osmotic pressure depends on the number of
dissolved particles in solution, but not on the identities of the
solutes, similar results would also be obtained using cloud point
solutes. As shown in this example, a 50% recovery of water from
seawater can be achieved by using a draw solution having an osmotic
pressure that is greater than twice that of seawater, while a 75%
water recovery can be achieved with a draw solution having an osmotic
pressure that is greater than four times that of seawater. As shown
here, the research team was able to demonstrate a 90% recovery of
freshwater using forward osmosis through a semi-permeable membrane.
As shown in FIG. 3, the concentration of the draw solution is
directly proportional to the osmotic pressure generated. EXAMPLE 3
FORWARD OSMOSIS MEMBRANES 10072]Suitable membranes were evaluated for
use with the forward osmosis 



processes disclosed herein. Prior to use, all membranes were soaked
in deionized water for at least 15 minutes to allow any glycerin or
sodium metabisulfite to diffuse out of the membrane. Each membrane
tested against selected draw solutions. The draw solutions were
prepared in different weight percentages to give rise to different
osmotic pressures as shown in Table 5, below, which lists certain
example initial osmotic pressures for FA-PEG cloud point solutions.
The membranes and draw solutions were placed in the forward osmosis
system 10 shown in FIG. 1, with a feed solution concentration of 3.5%
NaCI in water.  WO 20101080546PCT/US2009/068590 SIYER.001VPCPATENT
Solute (%) Solvent Osmotic Pressure (atm) Seawater (3.5% NaC1) water
27.2 FA-PEG 300 (50%) water 79.9 FA-PEG 300 (70%) water -113.9 FA-PEG
400 (50%) water -150 FA-PEG 400 (75%) water -237.3 FA-PEG 600 (67.5%)
water -305  Table 5. Osmotic Pressures for Various Solutes in Water
10073]Each solution was tested against several membranes, the feed
solution and draw solution were monitored over a period of 4 to 5
hours, and the data were collected. At least three trials were
carried out for each draw solution and membrane. From the collected
data, flow rates were calculated and compared. The calculated flow
rates for reverse osmosis membranes are shown in Tables 6a and 6b,
below. The calculated flow rates for forward osmosis membranes are
shown in Table 7, below.  Cu ligan (RO) 



Hydrotech (RO) CTA (no backing) Trial ? 1 2 3 1 2 3 1 2 3 50% FA-PEG
300 0.062 0.062 0.062 0.062 0.062 0.062 x x x 70% FA-PEG 300 0.12
0.12 0.062 0.062 0.12 0.062 



x x x 50% FA-PEG 400 0.12 0.062 0.062 0.062 0.12 x x x x 75% FA-PEG
400 x 0.062 0.062 0.062 x 0.062 x x x 67.5% FA-PEG 600 0.062 0.062 x
0.062 



0.12 0.062 x x x  Table 6a. Flow Rates, in mL/hr per cm2 of membrane
(by trial, membrane and draw solution) x - denotes no movement in
draw and feed level  WO 2010/080546PCT/1182009/068590
SIYER.001VPCPATENT  Microline (RO) Rainsoft (RO) Trial 1 2 50%T 3 1 2
3 FA-PEG 300 0.062 0.062 0.062 0.062 0.062 0.062 70% FA-PEG 



300 0.062 0.062 0.062 0.062 0.12 0.12 50% FA-PEG 400 0.12 0.12 x
0.062 0.12 0.062 75% FA-PEG 400 0.062 X 0.062 0.062 0.062 0.062 67.5%
FA-PEG 600 0.062 0.062 0.062 0.12 0.062 0.062 



Table 6b. Flow Rates, in mL/hr per em2 of membrane  Sea-Pack (F0)
X-Pack (F0) Hydrowell (F0) Trial ? 1 2 3 1 2 3 1 2 3 50% FA-PEG 300
0.19 0.25 0.14 0.17 0.17 0.22 0.28 0.36 0.17 70% FA-PEG 300 0.24 0.25



0.2 0.21 0.31 0.29 0.36 0.37 0.31 50% FA-PEG 400 0.11 0.25 0.20 0.16
0.17 0.19 0.26 0.23 0.29 75% FA-PEG 400 0.24 0.25 0.23 0.21 0.23 0.23
0.28 0.25 0.36 67.5% FA-PEG 600 



0.21 0.23 0.19 0.21 0.22 0.2_ 0.28 0.28 0.28  Table 7: Flow Rates, in
muhr per em2 of membrane (by trial, membrane and draw solution)
10074]In these tests, it was observed that membranes specifically
manufactured for forward osmosis resulted in higher flow rates than
membranes specifically manufactured for reverse osmosis. The flow
rates of the forward osmosis membranes were almost 2 to 3 times
faster than flow rates for commercially available reverse osmosis
membranes. EXAMPLE 3 DRAW SOLUTION TESTING 10075]Forty combinations
of draw solutions and membranes were evaluated, as shown below in
Table 8. Eight different membranes, both reverse osmosis membranes
and  WO 2010/080546PCT/US2009/068590 SIYER.001VPCPATENT forward
osmosis membranes, were evaluated. Five different draw solutions were
evaluated. Seawater was used as a feed solution in each system. The
seawater was changed daily until the draw solution no longer
increased in its volume.  Culligan CTA Hydrotech CTA Microline CTA
Hainsoft CTA 



CTA No Backing HT! Hydrowell HT1 X-Pack UT! Sea- Pack FA-PEG 300 50%
0.062 0.062 0.062 0.062 0 0.320 0.170 0.165 FA-PEG 300 70% 0.12 0.062
0.062 0.12 0 0.365 0300 0.245 FA-PEG 



400 50% 0.062 0.091 0.120 0.062 0 0.275 0.165 0.225 FA-PEG 400 75%
0.062 0.062 0.062 0.062 0 0.265 0.230 0.245 FA-PEG 600 67.5% 0.062
0.062 0.062 0.062 0 0.280 0.215 



0.220 Table 8. Flow Rates (mL/hr per cm2 of membrane) 100761Although
each draw solution initially had a different osmotic pressure, the
point where the draw solution no longer drew water molecules across
the membrane was roughly the same. For example, 20 mL of a 50%
solution of PEG 300 had a 10 mL increase in volume, and 20 mL of a
50% solution of PEG 400 also increased the same amount in volume. As
shown in Table 8, the highest flow rates were observed with a PEG 300
cloud point solute at 70% concentration in water using FlydroWellTM
membranes. 100771Although this invention has been described in terms
of certain preferred embodiments, other embodiments that are apparent
to those of ordinary skill in the art, including embodiments which do
not provide all the benefits and features set forth herein, are also
within the scope of this invention.  WHAT IS CLAIMED IS: 1. A process
for purification of a feed solution characterized by a concentration
of impurities dissolved in a solvent, the process comprising; at a
first temperature, exposing the feed solution to one side of a
semi-permeable membrane; directing a draw solution to an opposite
side of the membrane, the draw solution comprising an organic solute,
the organic solute comprising a hydrophobic component and a
hydrophilic component; where an initial concentration of the organic
solute in the draw solution is at least three times the concentration
of impurities in the feed solution to be purified so that an osmotic
pressure differential exists between the feed solution and the draw
solution, the osmotic pressure differential inducing forward osmosis
across the membrane, drawing solvent from the feed solution across
the membrane to provide a diluted draw solution while increasing the
concentration of impurities in the feed solution, wherein the diluted
draw solution has a cloud point temperature above the first
temperature; and following forward osmosis, heating the diluted draw
solution to just above the cloud point temperature, thereby
triggering precipitation of the organic solute.  2. The process of
claim 1, further comprising removing precipitated organic solute from
the diluted draw solution using a mechanism of filtration to provide
filtered organic solute for recyclable use.  3. The process of claim
2, further comprising re-dissolving the filtered organic solute into
a new draw solution by reverse flushing the mechanism of filtration
at a temperature below that of the cloud point temperature. 4. The
process of claim 1, wherein the organic solute comprises a polymer.
5. The process of claim 1, wherein the organic solute has a molecular
weight of about 200-600 Daltons.  6. The process of claim 1, wherein
the cloud point temperature is in the temperature range of about
35-70 C. 


