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A FORWARD OSMOSIS MEMBRANE AND METHOD OF FORMING A
FORWARD OSMOSIS MEMBRANE

CROSS-REFERENCE TO RELATED APPLICATIONS
[001] This application makes reference to and claims the benefit of priority of an
application for “Synthesis of Thin Film Composite Flat-sheet Forward Osmosis Membranes”
filed on January 25, 2011, with the U.S. Patent and Trademark Office, and there duly
assigned serial number 61/435,959. The content of said application filed on January 25, 2011,

is incorporated herein by reference in its entirety for all purposes.

TECHNICAL FIELD
[002] The invention relates to a method of forming a forward osmosis membrane, in
particular, a thin film composite flat-sheet forward osmosis membrane. The invention also

relates to a forward osmosis membrane.

BACKGROUND

[003] Forward osmosis (FO), also referred to as osmosis or direct osmosis, is a natural
phenomenon, which can be defined as the net movement of water molecules across a semi-
permeable membrane from a less concentrated solution to a more concentrated solution. In
forward osmosis, a semi-permeable membrane separates a hypotonic solution (feed solution)
and a hypertonic solution (draw solution). In use, the semi-permeable membrane prevents the
passage of solute molecules and ions through the membrane while allowing water molecules
to pass through it.

[004] Using osmotic pressure difference across the membrane instead of hydraulic
pressure or temperature as a driving force, separation of water and solute can be carried out in
a much more energy efficient manner. The membrane fouling propensity is also much lower
as compared to pressure-driven membrane processes, such as reverse osmosis (RO).
Furthermore, as high temperature and pressure are not required, forward osmosis is ideal for
sensitive applications such as those found in the food and pharmaceutical industry. In
addition to the afore-mentioned, forward osmosis can be employed efficiently and
economically in application areas such as water purification, wastewater treatment, seawater

desalination, and power generation.
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[005] The membrane is one of the key elements in forward osmosis technology. An
example of a membrane designed for forward osmosis is an asymmetric cellulosic membrane
developed by Hydration Technology Innovations (HTI, Albany, OR). The asymmetric
cellulosic membrane comprises a skin layer for salt rejection and a porous scaffold layer
having a woven or non-woven mesh embedded within or bonded to it as support. The
scaffold of the commercial membrane is made from the same polymeric material as the skin
layer, such as cellulose acetate (CA). Disadvantages of this type of material include
sensitivity to thermal, chemical and biological degradation and low water permeability.

[006] Various research groups have reported on the use of hollow fiber membranes in
forward osmosis technology. For example, membranes such as asymmetric
polybenzimidazole (PBI) hollow fibers, dual-layer polybenzimidazole-
polyethersulfonr/polyvinylpyrrolidone (PBI-PES/PVP) hollow fibers, asymmetric CA hollow
fibers, and double-skinned CA flat-sheet membranes have been fabricated for forward
osmosis process. These membranes exhibited reasonable rejection towards divalent salt such
as magnesium chloride (MgCl;). However, they exhibit limitations, such as inferior rejection
to monovalent salts, for example, sodium chloride (NaCl), and low water permeability, which
translates into insufficient levels of water flux and limitations in draw solution under forward
osmosis conditions.

[007] Some research groups have also attempted the use of reverse osmosis membranes,
which possess high water permeability and high salt rejection, in forward osmosis processes.
However, these membranes perform poorly under forward osmosis conditions due to the
unsuitable membrane substructure. The reverse osmosis membrane has a substrate combining
a sponge-like polymeric layer and a thick non-woven fabric, both of which provide sufficient
mechanical strength under high pressure conditions in reverse osmosis. However, this type of
structure increases the membrane thickness and reduces the membrane porosity. In forward
osmosis, mass diffusion between bulk solution and the interior surface of selective layer will
be greatly hindered by this substrate. As a result, effective driving force, i.e. osmotic pressure
difference across the selective layer, is dramatically reduced. This phenomenon is referred to
as internal concentration polarization (ICP), and results in a water flux value that is much
lower than its theoretical value.

[008] In view of the above, there is a need for an improved membrane for forward

0SMosis.
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SUMMARY OF THE INVENTION
{009] In a first aspect, the present invention refers to a method of forming a forward
osmosis membrane having a porous substrate and a rejection layer. The method comprises
a) forming a thin film of a polymer solution on a suitable substrate, wherein the
polymer solution comprises at least one polymer and optionally one or more
additives in a suitable solvent;
b) immersing the thin film in a coagulant bath to form the porous substrate; and
c) forming a rejection layer on the porous substrate. |
[0010] In a second aspect, the present invention refers to a forward osmosis membrane.
The forward osmosis membrane comprises a woven mesh, a porous substrate bonded to the
woven mesh, and a rejection layer formed on the porous substrate.
[0011] In a third aspect, the present invention refers to a forward osmosis membrane
formed by a method according to the first aspect.
[0012] In a fourth aspect, the present invention refers to use of the forward osmosis

membrane according to the second aspect or the third aspect in a forward osmosis process.

BRIEF DESCRIPTION OF THE DRAWINGS
[0013] The invention will be better understood with reference to the detailed description
when considered in conjunction with the non-limiting examples and the accompanying
drawings, in which:
[0014] Figure 1 is a table (‘Table 1°) summarizing the synthesis conditions for thin film
composite forward osmosis membranes according to various embodiments of the invention.
Two thin film composite forward osmosis membranes, TFC-1 and TFC-2, were fabricated in
the current study, and their substrates are denoted as S-1 and S-2, respectively. Notation a in
the table represents the following:
[0015] a: Compositions of monomer solutions (MPD dissolved in water and TMC
dissolved in n-hexane) are listed.
{0016] Figure 2 are scanning electron microscope (SEM) micrographs of substrate S-1.
(a) and (b) cross-section, (c) bottom surface, and (d) top surface. Scale bar in (a) denotes 10

pm. Scale bar in (b) to (d) denotes 1 pm.
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[0017]  Figure 3 are scanning electron microscope (SEM) micrographs of substrate S-2.
(a) and (b) cross-section, (c) bottom surface, and (d) top surface. Scale bar in (a) denotes 10
pm. Scale bar in (b) to (d) denotes 1 pm. |

[0018]  Figure 4 is a table (‘Table 2’) summarizing the characteristics of forward osmosis
membrane substrates. Three commercial forward osmosis membranes obtained from HTI
(Albany, OR) and one commercial reverse osmosis membrane obtained from Dow FilmTec
(Minneapolis, MN) were used for comparison purposes. The HTI forward osmosis
membranes were based on cellulose triacetate (CTA). One of the forward osmosis
membranes was cut from a Hydrowell® module (denoted as CTA-HW). It was formed by
casting cellulose triacetate onto a polyester woven fabric. The other two membranes were
received as flat coupons, either supported by a polyester woven fabric (denoted as CTA-W)
or a non-woven fabric (denoted as CTA-NW). The reverse osmosis membrane (denoted as
BW30) was a thin film composite (TFC) polyamide membrane supported by a non-woven
fabric. In some experiments, the non-woven fabric of BW30 was carefully removed before
characterizing and evaluating the membrane (denoted as BW30-o in this study).

[0019] Notations a to i in the table represent the following:

[0020] a: The experimental errors are reported as the standard deviation of at least 3
repeated measurements.

[0021] b: The cross-sections of CTA-HW and CTA-W are non-uniform due to their
woven support. The thickness values given in parentheses are the minimum cross-sectional
thickness at the thinnest part of cross-section.

[0022] e: The thickness measured for the commercial forward osmosis and reverse
osmosis membranes includes the contribution from the rejection layer. The polyamide
rejection layer for BW30 has a thickness on the order of 200 nm. The thickness of the skin
layer for CTA-HW, CTA-W, and CTA-NW are on the order of a few micrometers (refer to
Figure 5).

[0023]  d: The porosity values shall be taken as nominal values since the membranes may
be slightly swelled by water during the measurements. In addition, for measuring the porosity
of the commercial forward osmosis and reverse osmosis membranes, the rejection layers
were not removed.

[0024]  e: Determined from forward osmosis water flux results using Equations (8) and (9).

[0025] f: Tested at an applied pressure of 1 bar.
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[0026] g: Measured for the bottom surface of membranes.

[0027]  h: Measured for the bottom surface of cellulose triacetate layer after the removal of
the non-woven fabric.

[0028]  i: Measured for the polysulfone substrate after the removal of the non-woven fabric
layer.

[0029] Figure 5 are scanning electron microscope (SEM) cross-sectional micrographs of
commercial forward osmosis and reverse osmosis membranes. (a) CTA-HW forward osmosis
membrane, (b) CTA-W forward osmosis membrane, (c) CTA-NW forward osmosis
membrane, (d) BW30 reverse osmosis membrane, and (¢) BW30 membrane without
reinforcing fabric (BW30-0). Slightly different magnifications have been used for different
membranes in order to show both the overall membrane structure as well as the fine features
of membrane pores. This does not affect the interpretation of the results. Scale bar in (a) to (d)
denotes 20 um. Scale bar in (e) denotes 10 um.

[0030] Figure 6 are scanning electron microscope (SEM) micrographs of polyamide
rejection layers. (a) TFC-1 and (b) TFC-2. Scale bar in (a) and (b) denotes 1 ym.

[0031] Figure 7 is a table (‘Table 3’) summarizing the properties of synthesized thin film
composite forward osmosis membranes and commercial membranes. Notations a to d used in
the table represent the following:

[0032] a: The experimental errors are reported as the standard deviation of at least 3
repeated measurements.

[0033]  b: Evaluated in the reverse osmosis testing mode over an applied pressure range of
1 to 5 bar with ultrapure water as feed water.

[0034] c: Evaluated in the reverse osmosis testing mode at 3.75 bar with 20 mM sodium
chloride as feed.

[0035] d: Evaluated in the reverse osmosis testing mode over an applied pressure range of
1 to 5 bar for a feed water containing 20 mM sodium chloride.

[0036] Figure 8 is a graph depicting salt permeability versus water permeability for the
synthesized thin film composite forward osmosis membranes and commercial membranes.
[0037] Figure 9 is a table (‘Table 4’) summarizing the forward osmosis water flux of
synthesized thin film composite forward osmosis membranes and commercial membranes.
Testing conditions — draw solution: 0.5 or 2.0 M sodium chloride; feed solution: 10 mM

sodium chloride. Forward osmosis water flux is reported in units of L/m? h.
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[0038]) Figure 10 are graphs depicting forward osmosis water flux and solute flux for
synthesized thin film composite forward osmosis membranes and commercial membranes.
Testing conditions: 10 mM sodium chloride as feed solution, 0.5 M sodium chloride as draw
solution, with both membrane orientations: (a) AL-DS and (b) AL-FS.

[0039] Figure 11 is a comparison table (‘Table 5°) summarizing the forward osmosis
performance with literature data.

[0040] Figure 12 are SEM micrographs of the cross-section of thin film composite flat-
sheet forward osmosis membranes synthesized (a) with reinforcing mesh, (b) without mesh in
the support layer. The images were taken by a Zeiss Evo 50 Scanning Electron Microscope.
[0041] Figure 13 is a schematic diagram of a cross-flow reverse osmosis setup for
measuring intrinsic separation performance of membrane according to various embodiments
of the present invention. The following notations were used in the diagram (1) Feed tank. (2)
Pump. (3)(4)(5) Pressure transducers for feed, retentate and permeate, respectively. (6)
Membrane cell. (7) Balance.

[0042]  Figure 14 is a schematic diagram of a cross-flow forward osmosis setup for
membrane testing according to various embodiments of the present invention. The following
notations were used in the diagram (1) Draw solution tank. (2)(6) Conductivity meters. (3)(5)
Pumps. (4) Membrane cell. (7) Feed solution tank. (8) Balance.

[0043] Figure 15 is a table (‘Table 6’) summarizing the characteristics of substrates
prepared for thin film composite flat-sheet forward osmosis membranes.

[0044]  Figure 16 is a table (‘Table 7°) summarizing the intrinsic separation properties and
forward osmosis performance of thin film composite flat-sheet forward osmosis membranes
synthesized.

[0045]  Figure 17 is cross-sectional SEM micrograph of a polysulfone substrate of which

the casting solution containing additive lithium chloride (LiCl).

DETAILED DESCRIPTION OF THE INVENTION
[0046] The invention provides a method of forming a forward osmosis membrane. The
forward osmosis membrane according to various embodiments of the invention comprises a
porous substrate and a rejection layer. The porous substrate minimizes resistance to mass
diffusion between the bulk solution and the interior surface of the rejection layer, which in

turn minimizes reduction of effective osmotic pressure difference across the membrane
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caused by internal concentration polarization. In the meantime, the rejection layer on the
porous substrate maintains a high level of permeability while acting as a highly selective
layer for separation of components in forward osmosis. A woven mesh may optionally be
included to impart higher mechanical strength to the membrane while maintaining a high
level of flux through the membrane.
[0047]  Accordingly, in a first aspect, the present invention refers to a method of forming a
forward osmosis membrane having a porous substrate and a rejection layer. The method
comprises

a) forming a thin film of a polymer solution on a suitable substraté, wherein the

polymer solution comprises at least one polymer and optionally one or more
additives in a suitable solvent;

b) immersing the thin film in a coagulant bath to form the porous substrate; and

¢) forming a rejection layer on the porous substrate. ‘
[0048] As used herein, the term “membrane” refers to a semi-permeable material that
selectively allows certain species to pass through it while retaining others within or on the
material. A membrane therefore functions like a filter medium to permit a component
separation by selectively controlling passage of the components from one side of the
membrane to the other side. Examples of membrane types include tubular membranes,
hollow fiber membranes and flat-sheet membranes. Tubular membranes and hollow fiber
membranes assume the form of hollow tubes of circular cross-section, whereby the wall of
the tube functioning as the membrane. Flat-sheet membranes, on the other hand, are formed
from one or more sheets of membrane material placed adjacent to or bonded to one another.
[0049] The method of forming a forward osmosis membrane having a porous substrate
and a rejection layer according to the present invention comprises forming a thin film of a
polymer solution on a suitable substrate, wherein the polymer solution comprises at least one
polymer and optionally one or more additives in a suitable solvent.
[0050] Generally, any polymer that can be used to form a membrane may be used.
Examples of suitable polymers include, but are not limited to, polyarylether sulfones such as
polysulfone (PSF) and polyether sulfone (PES), polyimides such as polyetherimide (PEI),
polyacrylonitrile (PAN), polyvinylidene fluoride (PVDF), combination thereof or derivatives

thereof. In some embodiments, the polymer is polysulfone.
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[0051] The polymer is dissolved in a solvent to form a polymer solution. Any solvent that
can be used to dissolve the polymer may generally be used. For example, the solvent may
include, but are not limited to, 1-methyl-2-pyrrolidinone (NMP), dimethyl-acetamide
(DMAc), dimethyl formamide (DMF), or their combination. In some embodiments, the
solvent is 1-methyl-2-pyrrolidinone.

[0052] The concentration of polymer in the solution may be about 13 wt % to about 25 wt
%, for example, about 13 wt % to about 20 wt %, or about 15 wt % to about 20 wt %. In
some embodimenté, polysulfone is dissolved in 1-methyl-2-pyrrolidinone to form a polymer
solution having a concentration ranging from about 15.5 wt % to about 17.5 wt %.

[0053] Optionally, one or more additives are also dissolved in the solvent. In various
embodiments, the additive may be a pore former. The pore former may be added to the
polymer solution in order to form a porous substrate. In some embodiments, it may be used to
increase the porosity of the resultant porous substrate. Suitable pore formers include, but are
not limited to, organic pore formers such as polyethylene glycol (PEG), polyvinylpyrrolidone
(PVP), pluronic, alcohol (methanol, ethanol, iso-propanol, glycerol), acetone, and ethylene
glycol, inorganic salt pore formers such as lithium chloride (LiCl), lithium bromide (LiBr), or
KCl04. In some embodiments, the additive comprises polyvinylpyrrolidone and lithium
chloride. In one embodiment, the additive is polyvinylpyrrolidone.

[0054] The total concentration of additives in the solution may be about 0.1 wt % to about
5 wt %, such as about 0.3 wt % to about 3 wt %, or about 3 wt % to about 5 wt %. In some
embodiments, polyvinylpyrrolidone, as a pore forming additive, is present in a polymer
solution of polysulfone and 1-methyl-2-pyrrolidinone at a concentration of about 0.5 wt %. In
one further embodiment, lithium chloride, as a second pore forming additive, is added to the
polymer solution to form a polymer solution with a concentration of about 3 wt % lithium
chloride and 0.5 wt % polyvinylpyrrolidone.

[0055] The polymer, and optionally the one or more additives, is dissolved in the solvent
to form a polymer solution. The polymer solution formed may be homogeneous. By the term
“homogeneous”, it means that the solution is in a single phase. By using a homogeneous
polymer solution, the resultant membrane that is formed may be at least substantially uniform
in composition across the span of the membrane as well as in its cross-section, thereby
exhibiting a substantially consistent component separation behavior and/or pressure

difference across the membrane.
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[0056] The method of the present invention includes forming a thin film on a suitable
substrate using the polymer solution. The thin film may be formed using any suitable thin
film forming method, such as chemical vapor deposition, sol gel deposition, spin coating,
screen printing, WebFlight method, tip coating, atomic layer deposition, and pulsed laser
deposition. Generally, any suitable substrate having a surface upon which the polymeric thin
film can be formed may be used. The substrate thus acts as a support for forming the thin film.
The choice of a suitable substrate upon which the thin film is formed may depend on the type
and concentration of polymer used, as well as the method of forming the thin film. In some
embodiments, the polymer solution is coated on a clean glass plate to form a thin film. The
thin film may have a thickness of about 50 ym to about 300 um, such as about 100 ym to
about 200 um, about 150 um to about 300 um, or about 150 um to about 200 um.

[0057] The method of the invention comprises immersing the thin film in a coagulant bath
to form the porous substrate. The coagulant bath may comprise a fluid that does not act as a
solvent to the thin film. For example, the coagulant bath may comprise or consist of water
when a non-polar solvent such as hexane is used. Alternatively, the coagulant bath may
comprise a solvent, as discussed below. The coagulant bath may result in the formation of
pores in the thin film, due to mass exchange of the solvent from the thin film with the non-
solvent from the coagulant bath. For example, the non-solvent may permeate into the thin
film with simultaneous out-flow of the solvent from the thin film until equilibrium is attained.
As aresult, a porous substrate is obtained. Accordingly, besides the concentration and type of
pore formers used in the polymer solution, the size of pores in the porous substrate as well as
its porosity may be controlled by changing, for example, the composition, temperature and
immersion time of the thin film in the coagulant bath.

[0058] In alternate embodiments, a solvent is added to the coagulant bath in order to
control precipitation rate of polymer and to obtain a desired membrane pore structure. The
solvent that is added to the coagulant bath may be the same as that used to form the polymer
solution. As discussed herein, examples of suitable solvents include, but are not limited to, 1-
methyl-2-pyrrolidinone (NMP), dimethyl-acetamide (DMAc), dimethyl formamide (DMF),
or their combination. The concentration of solvent in the coagulant bath may be about 0 wt %,
i.e. a solvent is not added, to about 30 wt %, such as about 0 wt % to about 20 wt %, or about
0 wt % to about 10 wt %. Generally, the coagulant bath may be at any temperature suitable

for forming the porous substrate. In one illustrated embodiment, the thin film is immersed in
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a coagulant bath containing water at room temperature, for example, about 23 °C. The time
of immersion may be any suitable time period for obtaining a desired level of porosity and/or
pore size range in the porous substrate, and may range from a few seconds to a few minutes,
such as a time from 5 seconds to 30 minutes, for example.

[0059] The thickness of the porous substrate formed may depend on the thickness of the
thin film coated. The porous substrate formed may have a thickness ranging from about 50
um to about 200 um, such as about 50 ym to about 100 um, or about 60 um to about 80 um.
In some embodiments, the porous substrate has a thickness of about 70 um. The overall
porosity of the porous substrate may be in the range of about 30 % to about 80 %, such as
about 60 % to about 80 %, about 50 % to about 80 %, or about 30 % to about 50 %.

[0060] The porous substrate may have one or more layers having different porosity. The
change in porosity between the layers may be gradual, i.e. no distinct layers are formed. In
some embodiments, two or more distinct layers are formed. The porous substrate may
comprise a layer having elongated shaped or needle-like pores. The mean pore diameter of
the pores in the first layer may range from about 1 um to about 10 pm, such as about 1 ym to
about 5 um or about 3 um to about 8 um. In one embodiment, the mean pore diameter of the
pores in the first layer ranges from about 1 ym to about 7 um. In another embodiment, the
mean pore diameter of the pores in the first layer ranges from about 3 um to about 7 yum. The
porous substrate may comprise a second layer having a sponge-like structure. This sponge-
like structure may be caused by delayed liquid-liquid demixing of the polymer solution via
phase inversion. The thickness and pore size of the sponge-like layer may generally be
controlled by varying, for example, composition of the polymer solution, concentration of
polymer in the solution, and composition of the coagulant bath. The mean pore diameter of
the pores in the second layer may range from about 10 nm to about 100 nm, such as about 50
nm to about 100 nm or 30 nm to about 70 nm. Typically, the thickness of the second layer is
less than 5 um, such as about 1 ym, 2 ym, 3 um or 4 um. The second layer may be formed at
one side of the porous substrate. Accordingly, the porous substrate may comprise a first layer
having elongated shaped or needle-like pores and a second layer having a sponge-like
structure adjacent to the first layer.

[0061] The contact angle of the porous substrate may range from about 40 ° to about 100 °.
In some embodiments, the contact angle of the porous substrate ranges from about 50 ° to

about 80 °. The pure water flux of the porous substrate may be in the range of 30 L/m%h to
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1000 L/m? h at a trans-membrane pressure of 100 kPa, such as about 100 L/m? h to about 500
L/mz.h, about 500 L/m2.h to about 1000 L/mz.h, or 300 L/m2.h to about 800 L/m>.h.

[0062] In various embodiments of the present invention, the thin film may be formed on a
woven mesh placed on a suitable substrate. The woven mesh may serve as a reinforcing layer
to impart greater mechanical strength to the resulting membrane. The woven mesh may be
made of any suitable material, such as a polymeric material. For example, the woven mesh
may be of the same material used to form the porous substrate. In some embodiments, the
woven mesh is made from polyester (PET), polypropylene (PP) or nylon.

[0063]  The woven mesh has a sufficient level of porosity so as not to unduly affect the
effective driving force or osmotic pressure difference across the membrane, which may
otherwise result in internal concentration polarization. Typically, the woven mesh has a
porosity of about 20 % to about 80 %, such as about 30 % to about 70 % or about 50 % to
about 80 %. Likewise, the woven mesh may be sufficiently thin so as not to unduly affect the
effective driving force across the resulting membrane. For example, the woven mesh may
have a thickness of about 30 um to about 120 um. In some embodiments, the woven mesh
has a thickness of about 40 um to about 70 um. The degree of porosity and thickness of the
woven mesh used may be varied by the skilled person to reduce the propensity of internal
concentration polarization while maintaining sufficient mechanical strength.

[0064] The porous substrate formed comprising a woven mesh may have a thickness
ranging from about 60 um to about 200 um, such as about 80 um to about 170 um, or about
150 um to about 200 um. The polymer solution may partially penetrate into the openings of
the woven mesh to allow the polymer layer and the mesh to be bonded together. Accordingly,
the thickness of the porous substrate comprising the woven mesh may be smaller than the
combined thickness of the porous substrate and the woven mesh. Generally, the thickness of
the porous substrate comprising a woven mesh is less than 200 um, which lowers the
propensity for internal concentration polarization. In some embodiments, the porous substrate
has a thickness of about 170 um. The overall porosity of the porous substrate may be in the
range of about 30 % to about 70 %, such as about 40 % to about 60 %, about 50 % to about
70 %, or about 30 % to about 50 %. »

[0065] The contact angle of the porous substrate comprising a woven mesh may range
from about 40 ° to about 100 °. In some embodiments, the contact angle of the porous

substrate ranges from about 50 © to about 80 °. The pure water flux of the porous substrate
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may be in the range of 30 L/m%.h to 1000 L/m%h at a trans-membrane pressure of 100 kPa,
such as about 100 L/m.h to about 500 L/m’.h, about 500 L/m*h to about 1000 L/m’h, or
300 L/m*h to about 800 L/m>h.

[0066] The method of the invention comprises forming a rejection layer on the porous
substrate. As used herein, the term “rejection layer” refers to a layer that selectively controls
the extent of and/or the passage of components from one side of the membrane to the other
side. Ideally, the rejection layer formed should have high water permeability and high salt
rejection. In various embodiments, the rejection layer may be formed on the second layer
having a sponge-like structure of the porous substrate. The flatter surface morphology of the
sponge-like layer relative to the first layer with elongated shaped or needle-like pores may
allow formation of a more uniform and/or integral layer of the rejection layer. The first layer
having the elongated shaped or needle-like pores, on the other hand, may allow a higher
water flux through the porous substrate by virtue of its lower resistance to mass transfer
across the layer. .

[0067] Prior to forming the rejection layer, the porous substrate may first be heated by
placing in deionized water at a temperature of about 60 °C to about 90 °C, such as about 70
°C to about 80 °C, for a sufficient time period. Generally, the heating time ranges from about
1 minute to about 5 minutes, and may range from about 1 minute to about 2 minutes.
Subsequently, the porous substrate may be cooled by placing it in deionized water, which
may be at room temperature. The heating and cooling procedure may be used to achieve a
stable pore structure in the porous substrate.

[0068] In one embodiment, the rejection layer comprises a polyamide. The rejection layer
may be formed by contacting the porous substrate with an aqueous amine solution and an
organic acyl halide solution. Although the contacting need not follow a specific order,
generally, the porous substrate is first contacted with the aqueous amine solution followed by
contact with the organic acyl halide solution. The method of contacting may take place via
immersion. For example, the porous substrate may first be immersed in the aqueous amine
solution and subsequently immersed in the organic acyl halide solution. In some
embodiments, the porous substrate is immersed in the aqueous amine solution for about 2
minutes to about 10 minutes, such as about 2 minutes to about 5 minutes. Subsequently, the
porous substrate that is soaked with aqueous amine may be immersed in the organic acyl

halide solution for about 0.5 minutes to about 10 minutes, such as about 1 minute to about 2
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minutes, to form an ultrathin polyamide film acting as the rejection layer over the surface of
the substrate.

[0069] The aqueous amine solution may be formed from aromatic diamines, such as m-
phenylenediamine (MPD), p-phenylenediamine or substituted derivatives thereof, wherein
the substituent is an alkyl group, an alkoxy group, a hydroxy alkyl group, a hydroxy group or
a halogen atom; aromatic secondary diamines, such as N,N'-diphenylethylene diamine,
cycloaliphatic primary diamines, such as cyclohexane diamine; cycloaliphatic secondary
diamines, such as piperazine or trimethylene dipiperidine; and xylene diamines such as m-
xylene diamine. In various embodiments, the aqueous amine solution contains m-
phenylenediamine (MPD). The m-phenylenediamine may have a concentration of about 0.5
to about 4 wt % in the aqueous amine solution. In some embodiments, the concentration of
m-phenylenediamine in the aqueous amine solution is about 1 wt % to about 2 wt %.

[0070] The porous substrate may subsequently be contacted with the organic acyl halide
solution to form the rejection layer. Examples of halides include iodides, bromides and
chlorides. Because of their lower cost and greater availability, chlorides are generally
preferred over other halides such as bromides or iodides. In various embodiments of the
invention, the organic acyl halide solution is an organic acyl chloride solution. The organic
acyl chloride solution may comprise an acyl chloride dissolved in a solvent. Examples of
suitable acyl chloride that may be used include, but are not limited to, trimesoyl chloride
(TMC), 5-isocyanato-isophthaloyl chloride (ICIC), 5-chloroformyloxy-isophthaloyl chloride
(CFIC), cyclohexane-1,3,5-tricarbonyl chloride, isophthaloylchloride, tetraphthaloyl chloride,
combinations thereof and derivatives thereof. Suitable solvents that may be used are those
which are able to dissolve but which do not react with the acyl chloride. For example, the
solvent may be aliphatic hydrocarbons such as hexane, cyclohexane, pentane, and heptane,
aromatic hydrocarbons such as benzene and toluene, and halogenated hydrocarbons such as
methylene chloride, 1,1,1-trichloroethane, trichloroethylene and perchloroethylene. In one
embodiment, trimesoyl chloride is dissolved in hexane to form the organic acyl chloride
solution. The concentration of acyl chloride monomer in the organic acyl chloride solution
may be in the range from about 0.05 wt/v% to about 2 wt/v%, such as about 0.1 wt/v% to
about 0.5 wt/v%, or about 0.05 wt/v% to about 0.1 wt/v%.

[0071] In a second aspect, the present invention refers to a forward osmosis membrane.

The forward osmosis membrane comprises a woven mesh, a porous substrate bonded to the
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woven mesh, and a rejection layer formed on the porous substrate. Accordingly, the forward
osmosis membrane may also be termed as a thin film composite forward membrane. The
woven mesh may have a porosity of about 20 % to about 80 %, such as about 30 % to about
70 %.

[0072] In a third aspect, the present invention refers to a forward osmosis membrane
formed by a method according to the first aspect.

[0073] In a fourth aspect, the present invention refers to use of the forward osmosis
membrane according to the second aspect or the third aspect in a forward osmosis process.
[0074] The invention illustratively described herein may suitably be pfacticed in the
absence of any element or elements, limitation or limitations, not specifically disclosed
herein. Thus, for example, the terms "comprising”, "including”, "containing", etc. shall be
read expansively and without limitation. Additionally, the terms and expressions employed
herein have been used as terms of description and not of limitation, and there is no intention
in the use of such terms and expressions of excluding any equivalents of the features shown
and described or portions thereof, but it is recognized that various modifications are possible
within the scope of the invention claimed. Thus, it should be understood that although the
present invention has been specifically disclosed by preferred embodiments and optional
features, modification and variation of the inventions embodied therein herein disclosed may
be resorted to by those skilled in the art, and that such modifications and variations are
considered to be within the scope of this invention.

[0075] The invention has been described broadly and generically herein. Each of the
narrower species and subgeneric groupings falling within the generic disclosure also form
part of the invention. This includes the generic description of the invention with a proviso or
negative limitation removing any subject matter from the genus, regardless of whether or not
the excised material is specifically recited herein.

[0076] Other embodiments are within the following claims and non- limiting examples. In
addition, where features or aspects of the invention are described in terms of Markush groups,

those skilled in the art will recognize that the invention is also thereby described in terms of

any individual member or subgroup of members of the Markush group.

EXPERIMENTAL SECTION
[0077] Example 1: Chemicals and membrane materials
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[0078]  Unless otherwise specified, all chemicals were of analytical grade with purity over
99% and were used as received. Ultrapure water was supplied from a Milli-Q ultrapure water
system (Millipore Singapore Pte Ltd) with a resistivity of 18.2 M Ohm.cm.

[0079]  Polysulfone beads (PSf, molecular weight about 75,000 to 81,000 Da, Solvay
Advanced Polymers, LLC, GA) were used for preparing the membrane substrates. N-methyl-
2-pyrrolidone (NMP, Merck Schuchardt OHG, Hohenbrunn) was used as the solvent for the
casting solution. Polyvinyl pyrrolidone (PVP, average molecular weight about 1,300,000 Da,
Alfa Aesar, MA) and lithium chloride (LiCl, Sinopharm Chemical Reagent Co. Ltd, China)
were used as additives in the casting solution.

[0080] Chemicals used for interfacial polymerization included m-phenylenediamine
(MPD, Sigma-Aldrich Pte. Ltd, Singapore), trimesoyl chloride (TMC, Sinopharm Chemical
Reagent Co. Ltd, China), and n-hexane (Fisher Scientific, NJ).

[0081] The woven PET mesh was supplied by Anping Shengyuan Metal Wire Mesh
Factory in China.

[0082] Three commercial forward osmosis membranes obtained from HTI (Albany, OR)
and one commercial reverse osmosis membrane obtained from Dow FilmTec (Minneapolis,
MN) were used for comparison purposes. The HTI forward osmosis membranes were based
on cellulose triacetate (CTA). One of the forward osmosis membranes was cut from a
Hydrowell® module (denoted as CTA-HW). It was formed by casting cellulose triacetate onto
a polyester woven fabric. The other two membranes were received as flat coupons, either
supported by a polyester woven fabric (denoted as CTA-W) or a non-woven fabric (denoted
as CTA-NW). The reverse osmosis membrane BW30 was a thin film composite (TFC)
polyamide membrane supported by a non-woven fabric. In some experiments, the non-woven
fabric of BW30 was carefully removed before characterizing and evaluating the membrane
(denoted as BW30-o in this study).

[0083] Example 2: Synthesis of flat-sheet thin film composite forward osmosis

membranes

[0084]  The thin film composite forward osmosis membranes were prepared via two steps:
1) a phase inversion step to form the membrane substrate (Example 2.1), and 2) an interfacial
polymerization step to form the active rejection layer (Example 2.2).

[0085] 2.1 Preparation of forward osmosis substrate
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[0086] To prepare a casting solution for forward osmosis substrate, measured amounts of
polysulfone, polyvinyl pyrrolidone and lithium chloride (refer to Table 1 in Figure 1) were
dissolved in N-methyl-2-pyrrolidone and stirred by magnetic stirrers at 70 °C until the
solution became homogeneous and transparent. After cooling down to room temperature
(about 23 °C), the polymer solution was filtered with a stainless steel filter connected to
compressed nitrogen gas cylinder. The filtered dope was then degassed in air-tight bottles for
24 hours before use. To prepare the polysulfone support, the casting solution was spread onto
a clean glass plate to form a uniform film using an Elcometer 4340 Motorised Film
Applicator (Elcometer Asia Pte Ltd). The film was then quickly and smoothly immersed with
the glass plate into a coagulant bath where tap water at about 23 °C was used as coagulant.
The nascent substrate was kept in flowing water bath to remove residual solvent and stored in
ultrapure water before use.

[0087] 2.2 Preparation of polyamide rejection layer

[0088] The active rejection layer of thin film composite forward osmosis membrane was
prepared by interfacial polymerization on the surface of a pre-casted polysulfone substrate.
The preparation was carried out at room temperature (about 23 °C) unless otherwise
specified. The substrate was heated in 70 °C ultrapure water for 2 minutes before cooling
down to room temperature. It was then soaked in an aqueous solution of m-phenylenediamine
for 2 minutes, and the excessive m-phenylenediamine solution on the substrate surface was
removed with compressed air. Subsequently, an n-hexane solution of trimesoyl chloride was
gently poured onto the m-phenylenediamine -soaked substrate and was allowed to react with
the residual m-phenylenediamine for 1 minute to form the polyamide rejection layer. The
resultant thin film composite composite membrane was rinsed with tap water to remove the
residual monomers and was stored in ultrapure water before characterization. Two types of
thin film composite forward osmosis membranes were synthesized (denoted as TFC-1 and
TFC-2), and their preparation conditions are summarized in Table 1 in Figure 1.

[0089] Example 3: Membrane characterization

[0090] 3.1 Characterization of membrane morphology. porosity, and contact angle

[0091] The morphologies of the membranes were observed with a scanning electron

microscope (SEM) according to the method described in Tang et al. (C.Y. Tang, Q. She,
W.C.L. Lay, R. Wang, A.G. Fane, Journal of Membrane Science, 354 (2010) 123-133).
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[0092] Membrane samples were dried in vacuum at room temperature for 24 hours.
Samples were then fractured in liquid nitrogen and coated with a thin layer of gold using an
EMITECH SC7620 sputter coater (Quorum Technologies Ltd, UK). SEM images of
membrane surface and cross-section were obtained using a Zeiss EVO 50 Scanning Electron
Microscope (Carl Zeiss Pte. Ltd.).

[0093] Membrane porosity (€) was determined by measuring the dry mass (may) and wet

mass (mwer) of membrane samples according to Equation (1)

—m, )/
(0094] eo— e M) Py 1000 | 1)
(mwel _mdry)/pw +mdly /pp

[0095] where py and pn are density of wetting solvent (water was used in the current
study) and polymer respectively. '

[0096] Contact angles of the membranes were measured with the sessile drop method,
using a geniometer (Contact Angle System OCA, DataPhysics Instruments GmbH).
Membrane samples were dried in vacuum at room temperature for 24 hours. Small water
droplets were applied onto a levelled membrane surface and profiles of the water drops were

captured by an optical system to determine the contact angles.

[0097] 3.2 Measurement of membrane intrinsic separation properties

[0098] Intrinsic separation properties of forward osmosis membranes were evaluated in a
cross-flow filtration setup in the reverse osmosis testing mode (i.e., pressurized mode)
according to Tang et al. (C.Y. Tang, Q. She, W.C.L. Lay, R. Wang, A.G. Fane, Journal of
Membrane Science, 354 (2010) 123-133). The water permeability A of a membrane was
evaluated by reverse osmosis tests over an applied pressure range of 1-5 bar with ultrapure
water as feed. The A value was calculated according to Equation (2)

[0099] A=J/Ap 2)
[00100] where Ap is the applied trans-membrane pressure and J is the permeate water flux.
The permeability of the polysulfone substrate was determined similarly.

[00101] Sodium chloride rejection and salt permeability B of a membrane were measured
in the reverse osmosis setup over 1-5 bar, using 20 mM sodium chloride solution as feed.
External concentration polarization was minimized by using diamond patterned feed spacer
and relatively high cross flow (1.2 L/min). Further increasing the cross flow to 3.6 L/min had
negligible effect on rejection, which suggests that external concentration polarization was not

important in the current study. Rejection R was determined based on conductivity
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measurement (Ultra Meter II™ 4P, Myron L Company, CA) of the feed and the permeate
according to Equation (3)

1 7% x100% 3)

[00102] R=
Cy

[00103] where ¢f and ¢, are the salt concentrations in the feed and the permeate,

respectively.
[00104] The salt permeability B of a membrane was calculated according to Equation (4)

1
[00105] B=(E—1)xJ . @)

[00106] 3.3 Forward osmosis performance evaluation

[00107] The forward osmosis performance (water flux and salt flux) was evaluated with a
bench-scale forward osmosis setup as described in Tang et al. (C.Y. Tang, Q. She, W.C.L.
Lay, R. Wang, A.G. Fane, Journal of Membrane Science, 354 (2010) 123-133). Both feed
solution and draw solution were circulated at a fixed cross flow rate of 500 ml/min.
Concentrated sodium chloride solutions (0.5 M and 2.0 M) were used as draw solutions. The
feed solution contained 10 mM sodium chloride. Both AL-DS and AL-FS membrane
orientations were tested. The forward osmosis water flux J, was determined by measuring the
weight change of feed solution using Equation (5)

Aered _ Amfeed /pfeed )

[00108] J, = =
A XAt A xAt

[00109] where AV, and Am,., are the volume and weight changes of feed solution,
respectively; p...is the density of feed solution; At is the measuring time interval.

[00110] The forward osmosis solute flux Js was determined by calculating the change of
salt content in feed solution based on conductivity measurements using Equation (6)

V,.e,=V,-c

[oo111] J, =-'—A'MT°t° (6)
[00112] where ¥, and 7, are the initial and final volumes of feed solution, respectively; c,
and c, are the initial and final salt concentrations of feed solution, respectively.

[00113] 3.4 Determining membrane structural parameter

[00114] The structural parameter s is one of the critical properties of forward osmosis
membranes. It is defined as the product of support layer thickness (/) and tortuosity (7) over

its porosity (€) according to Equation (7)
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[00115] s=£i @)
£

[00116] A large s value inevitably leads to severe internal concentration polarization.

According to the classical internal concentration polarization model developed by Loeb et al.

(S. Loeb, L. Titelman, E. Korngold, J. Freiman, Journal of Membrane Science, 129 (1997)

243 - 249), the forward osmosis water flux can be predicted by Equations (8) and (9):

[00117] Concentrative ICP (AL-DS):  J, = 2| inA%awe =, *+B )
s| ARy +B

[00118] Dilutive ICP (AL-FS): J, =2 1n_A"sm + B ©)
S| Amp,+J,+B

[00119] where D is the solute diffusion coefficient; ... and ... are the osmotic pressures of
the draw solution and feed solution, respectively. Thus, the structural parameter s can be
determined experimentally from Equations (8) and (9).

[00120] Example 4: Characterization of membrane substrates

[00121] Two thin film composite forward osmosis membranes, TFC-1 and TFC-2, were
fabricated in the current study (Table 1 in Figure 1), and their substrates are denoted as S-1
and S-2, respectively. The structures of these two substrates are shown in Figures 2(a) to (d)
for S-1 and Figures 3(a) to (d) for S-2.

[00122] Figure 2 are scanning electron microscope (SEM) micrographs of substrate S-1.
(a) and (b) cross-section, (c) bottom surface, and (d) top surface. Scale bar in (a) denotes 10
pum. Scale bar in (b) to (d) denotes 1 um. Figure 3 are scanning electron microscope (SEM)
micrographs of substrate S-2. (a) and (b) cross-section, (c) bottom surface, and (d) top
surface. Scale bar in (a) denotes 10 um. Scale bar in (b) to (d) denotes 1 pm.

[00123] From the SEM micrographs, both substrates had overall thickness of about 75 um
(see Figures 2(a) and 3(a), and Table 2 in Figure 4). These substrates had highly porous
structures with long finger-like pores formed under a thin sponge-like skin layer (thickness <
2 pm, see Figures 2(b) and 3(b)). The finger-like pores are preferred for forward osmosis
membranes to minimize the structural parameter, since such pores have a tortuosity of nearly
unity (see Equation (7)). Gravimetric measurements confirmed that both substrates had high
porosities (77 = 3 % for S-1 and 82 & 2 % for S-2, see Table 2 in Figure 4). Corresponding to

the high porosity and the finger-like pore structures, relatively small s values were achieved
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for both substrates (0.71 £ 0.14 mm for S-1 and 0.67 £ 0.17 mm for S-2, see Table 2 in
Figure 4). ’
[00124] The slightly higher porosity for S-2 is consistent with the lower polysulfone
concentration used to cast this substrate. In addition, while some macrovoids were developed
at the bottom of S-1 (see Figure 2(b)), substrate S-2 had more uniform and better defined
pores with pore diameters on the order of a few micrometers (see Figure 3(b)). The improved
pore structure of S-2 was likely due to the use of lithium chloride additive as a pore former.
Other recipes with the addition of lithium chloride showed similar improvements. Cross-
sectional SEM image of another sample prepared with casting solution of
PS{/NMP/PEG/LiCl (16%/77%/5%/2% by weight) is presented in Figure 17 as an example.
[00125] The bottom surfaces of S-1 and S-2 are shown in Figures 2(c) and 3(c),
respectively. Sub-micrometer pores were observed for both substrates, although the pores for
S-2 were larger. Similarly, the top surface (i.e., the spongy skin layer) of S-2 also appeared
more porous than S-1 (Figures 2(d) and 3(d)). As a result of its higher bulk and surface
porosity as well as the improved pore structure, S-2 had a relatively high pure water
permeability of 190 L/m?.h.bar, nearly double of that for S-1.

[00126] Based on Equation (7) and assuming a tortuousity of 1.0, the contribution of the
finger like pores to the overall structural parameter can be estimated (0.1 mm for S-1 and
0.09 mm for S-2). The large difference between the measured overall s values and the
estimated values for the finger-like pores can be attributed to 1) the termination of some
finger-like pores before they reached the back surface of the substrates (i.e. dead-end pores),
and 2) the presence of the sponge-like skin layer (see Figures 2(b) and 3(b)).

[00127] The porosity of this skin layer was likely much lower compared to the bulk
porosity of the substrates. While the skin layer thickness was less than 2 um, it nevertheless
can have significant contribution to the overall structural parameter as a result of its tortuous
nature and low porosity. From membrane fabrication point of view, there is a need to
optimize this spongy skin layer. An overly porous skin layer with large surface pores may
result in more defects in the polyamide rejection layer during interfacial polymerization and
thus compromise the membrane rejection. On the other hand, an overall thick spongy skin
layer with low porosity and high tortuosity may unnecessarily comprise the structural

parameter.
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[00128] In order to better understand the role of support structure on the structural
parameter s (the current section) and that on the forward osmosis performance (see Example
6), four commercial membranes (CTA-HW, CTA-W, CTA-NW, and BW30) were also
characterized. In addition, samples of BW30 with its non-woven fabric support removed
(denoted as BW30-0) were also studied. The properties of these membranes are summarized
in Table 2 in Figure 4, with their SEM cross-sectional micrographs shown in Figures 5(a) to
(e).

[00129] Figure S shows scanning electron microscope (SEM) cross-sectional micrographs
of commercial forward osmosis and reverse osmosis membranes, with (a) CTA-HW forward
osmosis membrane, (b) CTA-W forward osmosis membrane, (c) CTA-NW forward osmosis
membrane, (d) BW30 reverse osmosis membrane, and (¢) BW30 membrane without
reinforcing fabric (BW30-0). Slightly different magnifications have been used for different
membranes in order to show both the overall membrane structure as well as the fine features
of membrane pores. This does not affect the interpretation of the results. Scale bar in (a) to (d)
denotes 20 um. Scale bar in (e) denotes 10 ym.

[00130] As shown in the micrographs, the CTA-HW (see Figure 5(a)) and CTA-W (see
Figure 5(b)) membranes had a unique structure, in that both membranes have woven
polyester meshes embedded in the asymmetric cellulose triacetate membranes. These meshes
had a fiber size of about 30 um to about 40 um, and a fiber-to-fiber distance of about 130 yum
to about 170 um. These results are in good agreement with previous microscopic
observations. Due to the presence of such woven meshes, the thickness of the membranes
was highly non-uniform, and regions away from the mesh fibers were thinner than regions
where fibers were located.

[00131] Based on our current microscopic observations of multiple locations, the CTA-
HW membrane had a thickness ranging from about 60 um at the thinnest location to about 90
pm at the thickest location. The support layer of this membrane was highly porous (¢ = 64%,
see Table 2 in Figure 4), which was also confirmed by the SEM cross-section (see Figure
5(a)) showing numerous large finger-like pores (about 10 um to 40 pm in diameter). The
measured s value was about 0.72 mm, comparable to the substrates developed in the current
study (Table 2 in Figure 4). Compared to CTA-HW, the membrane CTA-W had a much less
porous structure, as large-sized pores were only observed near the fabric fibers (see Figure

5(b)). As a result, its porosity was only about 46 %. Correspondingly, the structural
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parameter for CTA-W was higher than that for CTA-HW, despite the thinner section for
CTA-W (only about 20 um at the thinnest location, see Figure 5(b) and Table 2 in Figure 4).
This confirms the importance of substrate porosity in determining the structural parameter,
whereby large porosity is preferred to achieve a lower s value, agreeing well with Equation
.

[00132] The structure of CTA-NW is shown in Figure 5(c). Unlike the woven-supported
CTA-HW and CTA-W, the membrane CTA-NW had asymmetric cellulose triacetate layer
supported by a non-woven fabric. The cellulose triacetate layer was about 60 um in thickness,
and the non-woven fabric layer had a thickness about 80 um. Consequentiy, the overall
thickness of CTA-NW was much greater than the other two cellulose triacetate forward
osmosis membranes (see Table 2 in Figure 4). The cellulose triacetate layer of CTA-NW had
a comparable thickness to that of CTA-HW (see Figures 5(a) and 5(c)). In addition, these
two membranes also had similar pore structures, although CTA-NW was slightly less porous
(see Table 2 in Figure 4). The s value for CTA-NW was about 1.38 mm, which was larger
than that the s value for CTA-HW at about 0.72 mm. The larger s value for CTA-NW is
consistent with its lower porosity and larger overall thickness due to the presence of the non-
woven fabric layer.

[00133] Membrane BW30 is a typical corﬁmercial thin film composite polyamide
membrane. This membrane comprises an ultrathin polyamide rejection layer, a polysulfone
substrate, together with a non-woven fabric layer (see Figure 5(d)). The thickness of the
polysulfone layer and non-woven fabric layer were about 60 pym and about 90 um
respectively. As summarized in Table 2 in Figure 4, BW30 had the largest overall thickness
among all the membranes evaluated in the current study. In addition, its non-woven fabric
layer also appeared more compact and less porous than that of CTA-NW (see Figures 5(c)
and 5(d)), presumably due to the need to withstand significantly higher applied pressure for
typical reverse osmosis applications. Thus, it is not surprising to see that the s value for
BW30 (37.5 £ 19.6 mm) was the largest among the various membranes as shown in Table 2
in Figure 4, due in part to the thick and compact non-woven fabric layer.

[00134] However, the large s value cannot be solely attributed to the fabric layer. As can be
seen from Table 2 in Figure 4, upon removing the non-woven fabric layer, the resulting
membrane (BW30-o0, see Figure 5(e)) still had a very large s value of about 14.0 mm.
Compared to the other membranes, BW30 and BW30-0 had a spongy pore structure for the
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polysulfone substrate instead of the straight finger-like pore structure. Despite its significant
porosity of about 50 % (see Table 2 in Figure 4), this spongy structure will likely results in a
high tortuosity value. This may help to explain why the s value of BW30-0 was an order of
magnitude higher than the other membranes, even though its thickness and porosity were
comparable to other membranes. This result is also consistent with the previous discussion
that the s values of membranes TFC-1 and TFC-2 were mainly contributed by the sponge-like
skin layer despite its small thickness (< 2 ym).

[00135] The hydrophobicity of the polysulfone substrates prepared in the current studies
was also characterized using contact angle measurements and summarized in Table 2 in
Figure 4. Both S-1 and S-2 had contact angles of about 55°, which are lower than that of the
polysulfone layer of BW30 (about 92°) as well as those of the cellulose triacetate membranes.
The relatively low contact angles for S-1 and S-2 can be attributed to the addition of
polyvinyl pyrrolidone in the membrane casting solutions. Additional substrates prepared
without the addition of polyvinyl pyrrolidone had much higher contact angle values. For
example, substrates prepared with casting solution of PSf/NMP/PEG/LiCl (16%/77%/5%/2%
by weight) showed contact angle as high as 78 °. It is believed that hydrophilic substrates

tend to have better forward osmosis flux performance as a result of improved wetting.

[00136] Example S: Characterization of membrane rejection layers

[00137] The active rejection layers of the thin film composite forward osmosis membranes
were synthesized on top of the polysulfone substrates via interfacial polymerization, where
the sponge-like skin layers of the substrates were responsible for providing a smooth surface
and sufficient mechanical cushion for the polyamide rejection layers.

[00138] Figure 6 are scanning electron microscope (SEM) micrographs of polyamide
rejection layers. (a) TFC-1 and (b) TFC-2. Scale bar in (a) and (b) denotes 1 um. As shown in
the SEM images, the polyamide layers formed had a ridge-valley structure that is typical for
thin film composite polyamide membranes formed by trimesoyl chloride and m-
phenylenediamine monomers.

[00139] Figure 7 is a table (‘Table 3”) summarizing the properties of synthesized thin film
composite forward osmosis membranes and commercial membranes. The contact angles of
the polyamide rejection layers synthesized in the current study were about 43 ° to about 45°,
comparable to that measured for BW30, but lower than those of the cellulose triacetate

forward osmosis membranes (see Table 3 in Figure 7). The separation properties (water
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permeability A4, sodium chloride rejection R, and sodium chloride permeability B) of
membranes TFC-1 and TFC-2 were characterized and compared to commercial forward
osmosis and reverse osmosis membranes (see Table 3 in Figure 7).

[00140] Both TFC-1 and TFC-2 exhibited comparable or even higher water permeability
and better sodium chloride rejection compared to the commercial cellulose triacetate forward
osmosis membranes (Table 3 in Figure 7). For example, TFC-2 had a pure water
permeability of about 5.0 x 102 m/s.Pa, which is approximately 50 % higher than that of the
CTA-HW membrane. At applied pressure of 3.75 bar in the reverse osmosis testing mode,
TFC-1 and TFC-2 had decent sodium chloride rejection of 94.5 % and 93.4 %, respectively.
It is noted that the solute rejection of an forward osmosis can increase significantly at higher
testing pressures. TFC-2 had improved water permeability over TFC-1, partially due to the
use of the surfactant SDS in its recipe to improve the interfacial polymerization process (see
Table 1 in Figure 1). The commercial BW30 membrane (with or without fabric) also had
high water permeability (about 8 x 10"% m/s.Pa) while maintaining acceptable sodium
chloride rejection of about 92% at 3.75 bar. At 13.8 bar, BW30 has a rejection of about 98 %.

[00141] Figure 8 is a graph depicting the sodium chloride salt permeability B against water
permeability A4, for both thin film composite polyamide membranes as well as the cellulose
triacetate based membranes. In general, data points with higher water permeability and lower
sodium chloride permeability (corresponding to the lower right comer of Figure 8) are
preferred. Compared to the cellulose triacetate membranes that had relatively low A4 values,
the thin film composite polyamide membranes (TFC-1, TFC-2, and BW30) showed superior
separation properties of the rejection layers. Historically in the reverse osmosis field, thin
film composite membranes have replaced cellulose acetate based membranes due to their
superior separation properties and excellent pH stability (stable over pH level of about 3 to
about 10). An added advantage of thin film composite membranes is that the rejection layer
and the substrate can be individually optimized via the two-step fabrication method (phase
inversion followed by interfacial polymerization). Such flexibility is especially valuable for
forward osmosis membrane synthesis, due to the critical importance of both the support layer
structure and the rejection layer separation properties. With a tailored support structure to
minimize the structural parameter and internal concentration polarization, thin film composite
polyamide based membranes are promising alternatives to existing cellulose triacetate based

forward osmosis membranes.
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[00142] The B/A values of the various membranes are also tabulated in Table 3 in Figure 7.
The B/A ratio is a direct indicator of the selectivity of an forward osmosis membrane. A
larger B/A ratio (i.e., lower selectivity) is likely to cause more severe solute reverse diffusion
from the draw solution into the feed water, which can lead to undesirable solute accumulation
in forward osmosis systems as well as accelerated forward osmosis membrane fouling. In
addition, the rejection of contaminants (such as micropollutants) by a dense membrane is also
affected by the B/A ratio, with lower B/A ratio (improved selectivity) generally preferred. In
the current study, both TFC-1 and TFC-2 had relatively low B/4 ratios, once again indicating
their superior separation properties. A

[00143] Example 6: Forward osmosis performance evaluation
[00144] The forward osmosis water flux of the synthesized thin film composite forward

osmosis membranes as well as the commercial membranes are presented in Table 4 in Figure
9, where the feed water contained 10 mM sodium chloride and the draw solution contained
either 0.5 M or 2.0 M sodium chloride. Forward osmosis water flux is reported in units of
L/m’ h.

[00145] A comparison of the forward osmosis performance of these membranes with those
reported in literature is also tabulated in Table 5 in Figure 11. Among all the membranes
evaluated in the current study, the commercial reverse osmosis membrane BW30 had the
poorest forward osmosis water flux despite of its superior water permeability (4 = 8.4x10™"2
m/s.Pa or 3.04 L/m2.h.bar). A water flux of merely 1.59 L/m*h was obtained in the AL-DS
forward osmosis testing mode using a 2.0 M sodium chloride draw solution (osmotic pressure
about 100 bar). In contrast, an applied pressure of only 0.5 bar would be needed to achieve
the same water flux in the reverse osmosis mode.

[00146] Compared to the pressure-driven reverse osmosis mode, the osmotically-driven
forward osmosis mode suffers from severe internal concentration polarization. For BW30
under the above mentioned testing conditions, about 99.5% of the overall osmotic driven
force was lost due to internal concentration polarization. Such forward osmosis flux
inefficiency for BW30 may be attributed to its sponge-like polysulfone substrate, as well as
the thick and compact non-woven support which hinders mass transfer within its support. The
lower forward osmosis water flux of the conventional thin film composite membranes with
sponge-like supports may also be attributable to hydrophobicity of the support layer. Upon

peeling away the non-woven fabric, the resulting membrane BW30-o still had unacceptably
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low water flux (see Table 4 in Figure 9). The results obtained shows that sponge-like
substrate, which tends to have large tortuosity value and thus promote severe internal
concentration polarization, is highly undesirable for forward osmosis applications.

[00147] Both the commercial cellulose triacetate forward osmosis membranes and the thin
film composite membranes fabricated in the current study had relatively low s values.
Compared to BW30, these membranes achieved much higher forward osmosis water fluxes
(see Table 4 in Figure 9). Among the three commercial forward osmosis membranes
obtained from HTI, the membrane CTA-HW had the highest forward osmosis water flux.
This can be explained by 1) its higher water permeability (4 = 3.3x10"2 m/s.Pa, see Table 3
in Figure 7) compared to the other two membranes, as well as 2) its higher porosity (Table 2
in Figure 4). The thin film composite forward osmosis membranes fabricated in the current
study (TFC-1 and TFC-2) had the highest forward osmosis water fluxes among all the
membranes evaluated. With a 2 M sodium chloride draw solution and using the AL-DS
orientation, TFC-2 had a flux of about 54 L/m”.h, which was 50 % higher compared to that of
CTA-HW, the best performing commercial forward osmosis membrane. TFC-1 and TFC-2
had an s value in the range of about 0.67 mm to 0.71 mm, similar to that of CTA-HW.
[00148] Thus, their better forward osmosis water flux over CTA-HW was mainly due to
their superior separation properties (see Table 3 in Figure 7). As predicted by Equations (8)
and (9), a higher 4 value can result in improved water flux under otherwise identical test
conditions. Consistent with this explanation, the more permeable TFC-2 had higher forward
osmosis flux compared to TFC-1 and CTA-HW. These results demonstrate that both a low s
value and a high 4 value are needed to achieve excellent forward osmosis water flux. While
the commercial CTA-HW membrane may work in terms of its substrate to achieve a low s
value (Section 3.1), its rejection layer was far from optimal. On the other hand, the
conventional reverse osmosis membrane BW30 had superior water permeability but
unacceptably large s value.

[00149] Figure 10 are graphs depicting forward osmosis water flux and solute flux for
synthesized thin film composite forward osmosis membranes and commercial membranes.
Testing conditions: 10 mM sodium chloride as feed solution, 0.5 M sodium chloride as draw
solution, with both membrane orientations: (a) AL-DS and (b) AL-FS.

[00150] An ideal forward osmosis membrane possesses high water flux Jy and low solute

flux Js. A large Js, indicating a severe leakage of draw solutes into the feed solution (for
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example, solute reverse diffusion), is detrimental to forward osmosis operation. Increased
solute reverse diffusion can promote severe internal concentration polarization as well as
membrane fouling. The Js/Jyratio, which signifies the effective solute concentration reverse-
diffused through the forward osmosis membrane, is represented by the slope between a data
point and the origin. Thus, data points located in the lower right corner of the figures indicate
preferred forward osmosis performances (higher Jv, lower Js, and lower Js/Jv ratio).

[00151] As shown in the graphs, the thin film composite forward osmosis membranes TFC-
1 and TFC-2 synthesized presently showed superior Jv and Js combinations. Both TFC-1 and
TFC-2 achieved high water flux while maintaining relatively low Js/Jv ratios. As discussed
herein, the high water flux of the membranes was contributed by their optimized substrate
structure and superior water permeability of the rejection layer. On the other hand, the low
Js/Jvratios can be attributed to their excellent selectivity as represented by their low B/A ratios
(see Table 3 in Figure 7). The current study suggésts that thin film composite membranes
offer significant advantages over integral asymmetric membranes — 1) the thin film composite
approach allows flexibility for independent optimization of the substrate and the rejection
layer, and 2) the polyamide rejection layer formed by interfacial polymerization also tends to
have better water permeability and solute rejection.

[00152] In summary from the above discussion, thin film composite forward osmosis
membranes according to various embodiments of the invention have been synthesized. The
membrane substrates, prepared by phase inversion of polysulfone, had straight finger-like
pores under a thin sponge-like skin layer. The polyamide rejection layers were then formed
by interfacial polymerization of trimesoyl chloride and m-phenylenediamine. The resulting
forward osmosis membranes (TFC-1 and TFC-2) had small structural parameters (s values of
about 0.67 mm to about 0.71 mm) as a result of the thin cross-section, low tortuosity, and
high porosity of the membrane substrates. In addition, these membranes had high water
permeability and selectivity.

[00153] In comparison to commercial CTA-based asymmetric forward osmosis membranes
as well as the brackish water reverse osmosis membrane BW30, both TFC-1 and TFC-2
exhibited superior forward osmosis performance. With a 2 M sodium chloride draw solution
in the AL-DS orientation, TFC-2 achieved a flux of about 54 L/m”.h, which was 50 % higher
than the commercial forward osmosis membrane CTA-HW. This may be attributed to the

combination of its high permeability rejection layer and its high porosity substrate with
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finger-like pore structure. Meanwhile, the thin film composite forward osmosis membranes
had relatively low Js/Jvratios as a result of their excellent rejection layer selectivity.

[00154] Example 7: Synthesis of flat-sheet forward osmosis membrane with

reinforcing mesh
[00155] Experiments have also been carried out to incorporate a reinforcing non-woven

mesh in the membrane. In line with the above discussion, polymer solution made from 15.5
wt% polysulfone in N-methyl-2-pyrrolidone with 3 wt% lithium chloride and 0.5 wt%
polyvinyl pyrrolidone (molecular weight of 1,300,000) was prepared as casting solution.
[00156] Subéequently, substrates with and without mesh were cast. For the first
embodiment, the dope was spread directly on a clean glass plate. The gap between casting
knife and glass plate, hence the thickness of liquid film formed, was 150 ym. In the second
embodiment, PET mesh with thickness of between about 62 um to abut 71um, and opening
of 33 % was attached to the glass plate with adhesive tape and wetted with mixture of acetone
and N-methyl-2-pyrrolidone (4:1 by volume). After excess solvent was removed from the
surface, the dope was spread on and completely covered the mesh. The gap between casting
knife and glass plate was 120 pum. Both liquid films were immediately immersed into
coagulant bath together with the glass plate. Room temperature tap water was used as
coagulant.

[00157] Two monomer solutions were prepared for interfacial polymerization on the
prepared substrates. Aqueous amine solution was prepared with 1.5 wt% m-
phenylenediamine in deionized water. Acid chloride solution was prepared with 0.1 wt/v%
trimesoyl chloride in hexane. Reaction time of interfacial polymerization was 1 minute.
[00158] Figure 12 shows the SEM micrographs of thin film composite flat-sheet forward
osmosis membranes synthesized (a) with reinforcing mesh, (b) without mesh in the support
layer. The images were taken by a Zeiss Evo 50 Scanning Electron Microscope.

[00159] Figure 13 is a schematic diagram of the cross-flow reverse osmosis setup where
the intrinsic separation properties of prepared substrate and composite membrane were tested.
The following notations were used in the diagram (1) Feed tank. (2) Pump. (3)(4)(5) Pressure
transducers for feed, retentate and permeate, respectively. (6) Membrane cell. (7) Balance. In
the experiments, membranes were fixed between the top and bottom plates of a testing cell.
Feed solution was pumped from the feed tank, flowed against the active layer of membrane

and returned to the tank. Permeate was collected and measured the weight and concentration
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of solute to determine flux and rejection. Pure water flux of substrate was evaluated by
circulating de-ionized water through the membrane cell under 100 kPa at a temperature of 23
°C. Water and salt permeability of thin film composite forward osmosis membrane were
evaluated by circulating 500 ppm aqueous sodium chloride solution through the membrane
cell under 100 kPa at a temperature of 23 “C. All of the membranes were tested after
éompaction under 100 kPa until a stable flux reading was obtained.

[00160] Figure 14 shows the setup for testing forward osmosis performance of thin film
composite membrane. The following notations were used in the diagram (1) Draw solution
tank. (2)(6) Conductivity meters. (3)(5) Pumps. (4) Membrane cell. (7) Feed solution tank. (8)
Balance. The setup consisted of two loops, with high concentration draw solution flowing on
the permeate side and less concentrated feed solution flowing on the opposite side of
membrane. Co-current flow was used to reduce strain on the membrane. As solutions with
different osmotic pressure flowing on each side, water transported through the membrane
from feed to draw solution while certain amount of salt rhay diffuse from draw solution to
feed. Water flux was determined by measuring the weight change of feed solution. Salt flux
was determined by calculating the change of total salt content in feed solution. A 10 mM
aqueous sodium chloride solution was used as feed. Sodium chloride solutions with varied
concentration, 0.5 M and 2.0 M, were used as draw solution. Both membrane orientations,
with active layer facing draw solution (AL-DS) or with active layer facing feed solution (AL-
FW), were applied for each group of membrane testing.

[00161] Figure 15 is a table (‘Table 6’) summarizing the characteristics of substrates
prepared for thin film composite flat-sheet forward osmosis membranes. Contact angle
measurement was performed with Sessile Drop-method, using a Contact Angle System OCA
(DataPhysics Instruments GmbH). Pore size of substrate surface was measured with bubble
point method, using a Capillary Flow Porometer CFP-1500A (Porous Materials.Inc).

[00162] Figure 16 is a table (‘Table 7°) summarizing the intrinsic separation properties and
forward osmosis performance of thin film composite flat-sheet forward osmosis membranes
synthesized. From the figure, it can be seen that the thin film composite flat-sheet forward

osmosis membrane without reinforcing mesh had water permeability higher than 5X 102
m/s.Pa, and salt permeability lower than 5X10® m/s (testing condition: 500 ppm sodium

chloride solution as feed, trans-membrane pressure of 100 kPa, 23C).
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[00163] Furthermore, it can be seen that for forward osmosis testing, the membrane
exhibited a water flux value of higher than 20 L/m>.h and salt flux lower than 10 g/m*.h when

rejection layer faced draw solution, with 10 mM and 0.5 M sodium chloride solutions as feed

and draw respectively at 23 C.

[00164] Comparatively, the thin film composite flat-sheet forward osmosis membrane with
mesh had water permeability higher than 2X 10> m/s.Pa, and salt permeability lower than 2
X 107 m/s (testing condition: 500 ppm sodium chloride solution as feed, trans-membrane
pressure of 100 kPa, 23 C). For forward osmosis testing, the membrane had water flux
higher than 5 L/m”h and salt flux lower than 3 g/m*h when rejection layer faced draw
solution, with 10 mM and 0.5 M sodium chloride solutions as feed and draw, respectively, at
23 C.

[00165] By using a very open woven mesh, it impacts higher mechanical strength to the
thin film composite membrane. At the same time, it does not unduly affect the diffusion in
the support, thereby the internal concentration polarization of the membrane. A high water
permeability and high selectivity thin film rejection layer is used for solute separation. The
structures developed are more desirable in forward osmosis applications to reduce internal
concentration polarization and to obtain high water flux. Additionally, materials for both
layers are high-strength and chemically stable. This will enable the membrane to work in
many applications even under harsh chemical environments.

[00166] By using materials such as polyamide, polysulfone, polyethersulfone, and
polyester, which have very good chemical and hydrolysis resistance and durability, this
reduces the risk of being degraded by microorganisms and chemicals in long term operation
such as membrane bioreactor.

[00167] In term of structure, with the ﬁltrathin and highly selective film as barrier layer, the
membrane can achieve high water flux and stable good water quality. Meanwhile, the thin,
porous substrate significantly minimize resistance to mass diffusion between bulk solution
and the interior surface of rejection layer, thus minimize reduction of effective osmotic
pressure difference caused by internal concentration polarization. Therefore, the membrane is
very competitive in many applications, including water purification, wastewater treatment,

seawater and brine desalination, food processing, and pharmaceutical industry.
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CLAIMS

A method of forming a forward osmosis membrane comprising a porous substrate and
a rejection layer, the method comprising

a) forming a thin film of a polymer solution on a suitable substrate, wherein the
polymer solution comprises at least one polymer and optionally one or more
additives in a suitable solvent;

b) immersing the thin film in a coagulant bath comprising a non-solvent, wherein
the thin film undergoes phase inversion to form a porous substrate, wherein
the porous substrate comprises a first layer having elongated shaped pores and
a second layer having a sponge-like structure; and

¢) forming a rejection layer on the second layer of the porous substrate by

interfacial polymerization.

The method according to claim 1, wherein the thin film is formed on a woven mesh

placed on the substrate.

The method according to claim 2, wherein the woven mesh has a porosity of about 20

% to about 80 %.

The method according to claim 3, wherein the woven mesh has a porosity of about 30

% to about 70 %.

The method according to any one of claims 2 to 4, wherein the woven mesh has a

thickness of about 30 ym to about 120 ym.

The method according to claim 5, wherein the woven mesh has a thickness of about

40 ym to about 70 ym.

The method according to any one of claims 1 to 6, wherein the at least one polymer is

selected from the group consisting of polysulfone (PSF), polyether sulfone (PES),
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polyetherimide (PEI), polyacrylonitrile (PAN), polyvinylidene fluoride (PVDF),

combination thereof and derivatives thereof.

The method according to any one of claims 1 to 7, wherein the concentration of

polymer in the polymer solution is about 13 wt % to about 25 wt %.

The method according to claim 8, wherein the concentration of polymer in the

polymer solution is about 15 wt % to about 20 wt %.

The method according to any one of claims 1 to 9, wherein the one or more
additive(s) are selected from the group consisting of macromolecules such as
polyvinyl pyrrolidone (PVP) and polyethylene glycol (PEG), small organic molecules
such as acetone, isopropanol and ethanol, and inorganic salts, such as lithium chloride

(LiCl).

The method according to claim 10, wherein the additive comprises polyvinyl

pyrrolidone and lithium chloride.

The method according to any one of claims 1 to 11, wherein the concentration of

additive in the polymer solution is about 0.1 wt % to about 5 wt %.

The method according to claim 12, wherein the concentration of additive in the

polymer solution is about 0.3 wt % to about 3 wt %.

The method according to any one of claims 1 to 13, wherein the solvent is selected
from the group consisting of 1-Methyl-2-Pyrrolidinone (NMP), dimethyl-acetamide
(DMAc), dimethyl formamide (DMF), and combination thereof.

The method according to any one of claims 1 to 14, wherein the coagulant bath
comprises water and a solvent selected from the group consisting of 1-Methyl-2-
Pyrrolidinone (NMP), dimethyl-acetamide (DMAc), dimethyl formamide (DMF), and

combination thereof.
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The method according to claim 15, wherein the concentration of solvent in the

coagulant bath is about 0 wt % to about 30 wt %.

The method according to claim 16, wherein the concentration of solvent in the

coagulant bath is about 0 wt % to about 10 wt %.

The method according to any one of claims 1 to 17, wherein forming a rejection layer
on the porous substrate comprises contacting the porous substrate with an aqueous

amine solution and an organic acyl halide solution.

The method according to claim 18, wherein the aqueous amine solution comprises m-

phenylenediamine (MPD).

The method according to claim 19, wherein the concentration of m-phenylenediamine

in the aqueous amine solution is about 0.5 to about 4 wt %.

The method according to claim 20, wherein the concentration of m-phenylenediamine

in the aqueous amine solution is about 1 wt % to about 2 wt %.

The method according any one of claims 18 to 21, wherein the organic acyl halide

solution comprises an acyl chloride dissolved in a solvent.

The method according to claim 22, wherein the acyl chloride is selected from the
group consisting of trimesoyl chloride (TMC), 5-isocyanato-isophthaloyl chloride
(ICIC), 5-chloroformyloxy-isophthaloyl chloride (CFIC), combinations thereof and

derivatives thereof.

The method according to claim 22 or 23, wherein the solvent is selected from the
group consisting of aliphatic hydrocarbons such as hexane, cyclohexane, pentane, and

heptane, aromatic hydrocarbons such as benzene and toluene, and halogenated
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hydrocarbons such as methylene chloride, 1,1,1-trichloroethane, trichloroethylene and

perchloroethylene.

The method according to any one of claims 22 to 24, wherein the concentration of
acyl chloride monomer in the organic acyl chloride solution is about 0.05 wt/v% to

about 2 wt/v%.

The method according to claim 25, wherein the concentration of acyl chloride

monomer in the organic acyl chloride solution is about 0.1 wt/v% to about 0.5 wt/v%.

The method according to any one of claims 1 to 26, wherein the mean pore diameter

of the pores in the first layer is in the range of about 1 um to about 7 um.

The method according to any one of claims 1 to 27, wherein the mean pore diameter

of the pores in the first layer is in the range of about 3 um to about 7 yum.

The method according to any one of claims 1 to 28, wherein the mean pore diameter

of the pores in the second layer is in the range of about 10 nm to about 100 nm.

A forward osmosis membrane comprising
a) a porous substrate comprising a first layer having elongated shaped pores and a
second layer having a sponge-like structure, and

b) arejection layer formed on the second layer of the porous substrate.
The membrane according to claim 30, further comprising a woven mesh.

The membrane according to claim 31, wherein the woven mesh has a porosity of

about 20 % to about 80 %.

The membrane according to claim 32, wherein the woven mesh has a porosity of

about 30 % to about 70 %.
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The membrane according to any one of claims 30 to 33, wherein the mean pore

diameter of the pores in the first layer is in the range of about 1 ym to about 7 um.

The membrane according to any one of claims 30 to 34, wherein the mean pore

diameter of the pores in the first layer is in the range of about 3 um to about 7 um.

The membrane according to any one of claims 30 to 35, wherein the mean pore
diameter of the pores in the second layer is in the range of about 10 nm to about 100

nm.

A forward osmosis membrane formed by a method according to any one of claims 1

to 29.

Use of the forward osmosis membrane according to any one of claims 30 to 37 in a

forward osmosis process.



