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Specification

FORWARD OSMOSIS DRAW MATERIAL

TECHNICAL FIELD

[1] The present invention generally relates to a novel hydrogel composite
draw material for forward osmosis. The present invention provides a class of
new interpenetrating materials utilised as draw agents for forward osmosis

desalination and purification processes.

BACKGROUND OF THE INVENTION

2] The following discussion of the background to the invention is intended to
facilitate an understanding of the invention. However, it should be appreciated
that the discussion is not an acknowledgement or admission that any of the
material referred to was published, known or part of the common general

knowledge as at the priority date of the application.

[3] Water desalination and purification are critical to meet the global issue of
the shortage of clean water (see references 1 and 2). Forward osmosis (FO)
has been recognized as an attractive process for water desalination and
treatment in recent years because it has the potential to achieve reduced
process costs by directly using other types of energy such as low-grade heat,

reduced fouling propensity, and easy cleaning (see references 3 to 8).

4] Forward osmosis (FO) is the membrane separation process in which the
osmotic pressure difference serves as the driving force for water transport, with
a semi-permeable membrane acting as a separation medium. In a typical FO
separation, the feed solution, i.e. saline water, passes through the one side of a
semipermeable membrane, and a draw agent of high osmotic pressure
(compared to that of saline water) flows on the other side of membrane. Due to
the naturally driven osmotic flow, water permeates through the membrane from
the feed solution to the draw agent side. After FO process, it is necessary to
separate the water and draw agent for the recovery of pure water product and

regeneration of draw agent for reuse in the FO process.
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[5] Although FO technology has attracted increasing attention in water
treatment, one of the main obstacles is the lack of high-performance draw
solute (see references 9 to 11). It is very challenging to develop an ideal draw
agent with a high osmotic pressure, easy and fast regeneration without
significant loss of draw agent, and non-toxicity. A lot of work have focused on
the new draw agents such as inorganic salts, functionalized magnetic
nanoparticles, and thermoresponsive polyelectrolyte solutions (see references 4
and 12 to 24).

[6] Recently, a stimuli-responsive polymer hydrogel was developed as draw
agent in FO desalination (see references 11 and 25 to 33). Hydrogels are
widely used as scaffolds for tissue engineering, temporary supports for cell and
vehicles for drug delivery systems as the three-dimensional networks of
polymer chains and abundant hydrophilic groups can entrap large volumes of
water due to their relative higher osmosis pressure. However, the forms of
hydrogel previous considered as draw agents (powder having a particle size
ranging from 2 to 1000 pum) exhibited low flux, and low yield for clean water (see
references 11 and 25 to 33). When using a powder, as the hydrogel particle
size decreases, the contact area between hydrogel and FO membrane
increases remarkably, resulting in an enhanced FO flux (see reference 34). At
the same time, increasing the amount of draw agent will give an enhanced flux.
However, as the amount further increases, the flux remains constant. This is
because the water transport becomes difficult from the first layer hydrogel
particles contacted with FO membrane to the subsequent layers. Due to this
transport barrier, the hydrogel powder shows much lower flux comparing to the
common used draw agent such as inorganic salts. Thus, if hydrogels are to be
used as a draw agent, this transport barrier problem will need to be solved to

further increase the flux.

[7] Accordingly, it would therefore be desirable to new or alternative
interpenetrating materials, in particular a hydrogel based material, which could

be used as effective draw agents for forward osmosis process.
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SUMMARY OF THE INVENTION
[8] The present invention provides a new hydrogel composite draw material

for forward osmosis and a method of producing this new composite material.

[9] A first aspect of the present invention provides a hydrogel composite
draw material for forward osmosis comprising:

a porous elastic polymeric foam element including a three-dimensional
continuous network of pores interpenetrated with a polymer hydrogel,

wherein, in use, the hydrogel composite draw material draws a water flux
of at least 3.5 L/m?h.

[10] It should be appreciated that the hydrogel composite draw material of the

present invention is preferably a draw material in forward osmosis desalination.

[11] The porous elastic polymeric foam/hydrogel composites of the present
invention have been developed to provide a high draw flux in use as a draw
material on the active side of a FO membrane in forward osmosis in particular,
forward osmosis (FO) desalination. The porous elastic polymeric foam provides
a synergistic support structure for the hydrogel whist retaining the
advantageous aqueous draw and swelling properties of the hydrogel. Moreover,
this composite structure provides a substantial improvement over the use of
hydrogel alone. By comparison, the maximum flux is typically only 2.2 LMH
when hydrogel powders alone are were used as the draw agent. This result is
comparable to that obtained using 1.5 M NH4HCO3;, which is the current

standard methodology.

[12] Whilst not wishing to be limited to any one theory, the inventors consider
that the three-dimensional continuous network of pores throughout the foam
provides an elastic nature to the foam and possible capillary forces that can
extend along the interface between the foam and hydrogel may assist
adsorption/desorption of water. These factors are also of benefit to the water
transport from the contact layer of hydrogel to the upper layer, which facilitates

water transport in this draw material. The use of the composite therefore
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appears to avoid the water transport barrier which is present when the hydrogel

is used in a powder form in a similar forward osmosis draw material application.

[13] The Inventors note that the suitability of a hydrogel/polymer foam
composite for a draw agent in forward osmosis desalination has not previously
been known. However, the inventors are aware that hydrogel/polyurethane
foam (PUF) composites have been developed for other applications, and in
particular to address poor mechanical properties of hydrogels with the aim to
improve hydrogels practical use in mainly biomechanical and medical

applications.

[14] Firstly, Liu et al in Preparation and mechanical characterization of a
PNIPA hydrogel composite, J Mater Sci: Mater Med (2008) 19:1815-1821
discusses the advantageous mechanical properties of poly (N-
isopropylacrylamide) (PNIPA) hydrogel/  polyurethane foam composites with
particular emphasis on swelling and volume phase transition properties useful in
biomedical and bioengineering applications such as tissue engineering,
switches, micro/nonoactuators, artificial organs, and drug delivery. Liu’s aim is
to provide strong, stiff hydrogels with the same composition as PNIPA for
biomechanical applications. To this end, a poly (N-isopropylacrylamide) (PNIPA)
hydrogel was synthesized by by immersing a polyurethane foam in a monomer
solution (N-isopropylacrylamide dissolved in 1,4-dioxane) in the presence of an
initiator  (2,2’-azobisisobutyronitrile) and a crosslinker (ethylene glycol
dimethacrylate) to initiate free radical polymerization to make a hydrogel
composite. After gelation, the mechanical properties of the composite gel were
studied, including the temperature dependence of the elastic modulus of the
PNIPA hydrogel and the composite due to volume phase transition was found
using a uniaxial compression test, and the swelling property was investigated
using an equilibrium swelling ratio experiment. The gel composite preserves the
ability to undergo the volume phase transition and its elastic modulus had
strong temperature dependence. The temperature dependence of the elastic
modulus and swelling ratio of the gel composite were compared to the PNIPA
hydrogel. The modulus and swelling ratio of the composite were less dramatic
than in the gel. In particular, its swelling ability was significantly lower than the

pure PNIPA gel in the swollen state (see Figure 3 of Liu). In the collapsed state,
4
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the gel composite contains more weight percent of water, since the swelling
ability of the open-cell foam is lower than the PNIPA gel in the swollen state and
higher in the collapsed state. Thus, for temperatures above the LCST, the foam
retains the water in the gel composite, and at low temperature the foam

prevents water from entering.

[15] Secondly, Teramoto et al. in Polymer foam-reinforced hydrogels inspired
by plant body frameworks as high-performance soft matter, Polymer Journal
(2014) 46, 592-597 follows on from Lui et al's research (which is directly
referenced as being the starting basis) and investigates the mechanical
properties of poly(sodium acrylate) (PSA) hydrogel/ polyurethane foam
composite with particular emphasis on the strength of the composite gel. Again,
the aim of the research is to provide strong, stiff hydrogels for biomechanical or
medical applications. In this study, a hydrogel reinforced by polymer foam was
fabricated by immersing a polyurethane foam in an aqueous solution of a water-
soluble monomer (sodium acrylate) in the presence of an initiator (2,2"-azobis(2-
methylpropionamidine)  dihydrochloride) and a  crosslinker  (N,N'-
methylenebisacrylamide). After gelation, only the mechanical properties of the
composite gel were analysed by compression testing. The compression
strength of the composite gel was ~2 MPa, which was much higher than that of
the poly(sodium acrylate) (PSA) hydrogel alone. The compression modulus was
also considerably higher than for each constituent material alone (both hydrogel
and foam). Importantly, only the mechanical properties are reported. No
swelling and water transport properties were not reported or taught as being
important to the function or suitability of the studied composite to the medical

and biomechanical applications for which the composite is suitable.

[16] Each of these previous hydrogel composite studies only concentrated on
the mechanical support and reinforcing properties that polymer foam had on the
hydrogels and their composites applicable for medical or biomechanical
applications. No consideration was given to the water transport or draw agent
properties of the produced composites, and more importantly properties suitable
for use in forward osmosis and more particularly as an effective draw agent in
forward osmosis. In fact, based on Lui et al, the modulus and swelling ratio of

the composite of each of these prior composites were significantly less than the
5
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hydrogel. The swelling and water transport properties of these reported
hydrogel composites appear to teach that such composites do not have suitable

properties for effective water transport and high flux when used as draw agent.

[17] In this context and despite the unfavourable swelling results reported in
the previous work, the Inventors have surprisingly found that the hydrogel
composites of the present invention show effective water transport and high flux

when used as draw agent for forward osmosis desalination.

[18] Furthermore, previously considered hydrogel draw agents were in a
powder form which showed weak mechanical toughness, especially after
swelling. In comparison, the interpenetrating monolith of the present invention
is easy to be use, mechanically robust and readily able to be recycled in

practical applications.

[19] Again, the hydrogel composite draw material of the present invention
provides a high draw flux in use as a draw material in forward osmosis in
particular, forward osmosis desalination. The draw flux is at least 3.5 L/im?h. It
should be appreciated that for measurement and comparison purposes this
water flux is preferably measured when 2000 ppm aqueous NaCl solution is

used as feed.

[20] In some embodiments, in use, the hydrogel composite draw material
draws a water flux of at least 3.9 L/m>h, preferably at least 4 L/m?h, more
preferably at least 5 L/m?h. In embodiments, the hydrogel composite draw
material can draw a water flux of at least 6 L/m?h, preferably at least 10 L/m?h,
more preferably at least 12 L/m?h. In some embodiments, the hydrogel
composite draw material draws a water flux of from 3 to 20 L/m?h, preferably
from 4 to 18 L/m?h. In exemplary embodiments the hydrogel composite draw

material draws a water flux of between 3.9 and 17.9 L/m?h.

[21] The content of the hydrogel within the foam element influences the water
draw flux of the final hydrogel composite draw material. The content of
hydrogel in the composite is preferably from 50 to 95 wt%. However, in

embodiments the hydrogel content can be from 60 to 90 wt%, preferably

6
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between 70 to 90 wt%. In some embodiments, the content of hydrogel in the
composite is from 50 to 89 wt%, which, in use, produces a hydrogel composite

draw material draws a water flux from 3.9 to 17.9 L/m?h.

[22] It should also be appreciated that the draw water flux also varies based

on the composition of the hydrogel composite draw material.

[23] The polymer hydrogel responsible for its water-swelling properties can
have any suitable composition. It should be understood that a hydrogel is a
water-swollen, and cross-linked polymeric network that exhibits the ability to
swell and retain a significant amount of water within its structure, but will not
dissolve in water. They possess the capacity to entrap a large volume of water
caused by the flexibility and hydrophilicity of polymeric networks. A hydrogel
therefore consists of a large amount of water and a small amount of hydrophilic
3D polymers that form a network. A hydrogel can typically swell and retain from
50 wt% up to 99 wt% water, more preferably 85 wt% up to 98 wt% water within

its structure.

[24] Polymer hydrogels can undergo a reversible swelling change in response
to external environmental stimuli, such as pH, temperature, electric field,
mechanical stress, antibodies and the like. Therefore, the composite of the
present invention can drive water to pass through the semipermeable
membrane and the water can subsequently be released from swollen hydrogels
by using temperature, pressure or solar irradiation (or a combination of these)
as external stimuli. In some embodiments, the hydrogel comprises a stimuli-
responsive polymer hydrogel. Stimuli-responsive polymer hydrogels can
undergo a reversible swelling change in response to external environmental
stimuli. This intrinsic property can be applied for the dewatering of hydrogel
after FO desalination, which exhibits an energy efficient method to regenerate
the draw agent. Stimuli-responsive polymer hydrogel therefore reduce energy
consumption in water recovery from the hydrogel. Particular examples are
poly(N-isopropylacrylamide) (PNIPAM)-based hydrogels. It should be
appreciated that poly(N-isopropylacrylamide) (PNIPAM)-based hydrogels
comprise polymers and copolymers containing N-isopropylacrylamide.

Examples include Poly(N-isopropylacrylamide), Poly(N-isopropylacrylamide)-co-
7
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poly(sodium acrylate), Poly(N-isopropylacrylamide)-co-poly(acrylic  acid),
Poly(N-isopropylacrylamide)-co-poly(acrylamide); Poly(N-isopropylacrylamide)-
co-poly(vinyl alcohol); Poly(N-isopropylacrylamide)-co-poly(alginic acid). For
example, poly(N-isopropylacrylamide) (PNIPAM)-based hydrogels show a low
critical solution temperature (LCST) at about 32 °C, which can change from
hydrophilic to hydrophobic above their LCST and release the entrapped water

from their network.

[25] The polymer hydrogel also preferably includes an ionic polymer hydrogel
content, for example polymers or co-polymers of sodium acrylate. The
presence and dissociation of ionic species within polymer hydrogels induces the

hydrogels to swell and develop a higher internal osmotic pressure.

[26] In embodiments, the hydrogel comprises a polymer or a co-polymer of
one or more of (meth)acrylic acid, salts of (meth)acrylic acid, esters of
(meth)acrylic acid and hydroxyl derivatives thereof, itaconic acid, salts and
acids of esters of (meth)acrylic acid, amides of (meth)acrylic acid, N-alkyl
amides of (meth)acrylic acid, salts and acids of N-alkyl amides of (meth)acrylic
acid, N- vinyl pyrrolidone, (meth)acrylamide, N-alkyl derivatives of
(meth)acrylamide, alkyl ammonium salts, N-alkyl derivatives of an alkyl
(meth)acrylate, 2- acrylamido-2 -methyl- 1 -propanesulfonic acid, potassium salt
of 3-sulfopropyl acrylate, 2- (acryloyloxy)ethyl trimethyl ammonium methyl
sulfate, acrylamide (AAm), N-isopropyl acrylamide (NIP AM), 2-hydroxyethyl
(meth)acrylate (HEA, HEMA), acrylic acid (AAc), salts of acrylic acid (potassium,
sodium and ammonium), potassium salt of 3-sulfopropyl acrylate (SPAK),
poly(ethylene glycol)acrylate, poly(ethylene glycol)alkyl ether acrylate,
methacrylic acid-2-dimethylaminoethyl ester, dimethylaminoethyl acrylate or
diallyldimethylammonium chloride (DADMAC).

[27] Based on the above, certain embodiments of the polymer hydrogel may
therefore comprises at least one of poly(N-isopropylacrylamide), poly(sodium
acrylate), poly(vinylsulfonic acid, sodium salt), polyvinyl alcohol, Poly(N-

isopropylacrylamide)-co-poly(sodium acrylate) or a combination thereof.
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[28] In some embodiments, the polymer hydrogel comprises at least one
ethylenically-unsaturated monomer polymerised with at least one multi-olefinic

crosslinking agent.

[29] A number of ethylenically-unsaturated monomer can be used to form the
polymer hydrogel. Suitable monomers include at least one ethylenically-
unsaturated monomer is selected from (meth)acrylic acid, salts of (meth)acrylic
acid, esters of (meth)acrylic acid and hydroxyl derivatives thereof, itaconic acid,
salts and acids of esters of (meth)acrylic acid, amides of (meth)acrylic acid, N-
alkyl amides of (meth)acrylic acid, salts and acids of N-alkyl amides of
(meth)acrylic acid, N- vinyl pyrrolidone, (meth)acrylamide, N-alkyl derivatives of
(meth)acrylamide, alkyl ammonium salts, N-alkyl derivatives of an alkyl
(meth)acrylate, 2- acrylamido-2 -methyl- 1 -propanesulfonic acid, potassium salt
of 3-sulfopropyl acrylate, and 2- (acryloyloxy)ethyl trimethyl ammonium methyl
sulfate. Furthermore, in some embodiments, the ethylenically-unsaturated
monomer is selected from at least one of acrylamide (AAm), N-isopropyl
acrylamide (NIP AM), 2-hydroxyethyl (meth)acrylate (HEA, HEMA), acrylic acid
(AAc), salts of acrylic acid (potassium, sodium and ammonium), potassium salt
of 3-sulfopropyl acrylate (SPAK), poly(ethylene glycol)acrylate, poly(ethylene
glycol)alkyl ether acrylate, methacrylic acid-2-dimethylaminoethyl ester,

dimethylaminoethyl acrylate and diallyldimethylammonium chloride (DADMAC).

[30] In exemplary embodiments, the ethylenically-unsaturated monomer is

selected from N-isopropylacrylamide, sodium acrylate or a combination thereof.

[31] Similarly, a number of crosslinking agent can be used to form the
polymer hydrogel. For example, in embodiments the crosslinking agent can be
selected from the group consisting of N,N'-methylenebisacrylamide (BIS), N,N'-
ethylenebisacrylamide (EBA), (poly)ethylene glycol di(meth)acrylate, ethylene
glycol dimethacrylate, ethylene glycol diglycidyl ether, glycidyl methacrylate,
polyamidoamine epichlorohydrin resin, trimethylolpropane triacrylate (TMPTA),
piperazine diacrylamide, glutaraldehyde, epichlorohydrin, crosslinkers

containing 1,2-diol structures, and functionalized peptides and proteins.
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[32] In exemplary embodiments, the crosslinking comprises N, N’-

methylenebisacrylamide.

[33] It should also be understood that the porous elastic polymeric foam
element comprises a suitable configured article, item, piece, portion, item, part,
body or the like of the porous elastic polymeric foam material. It should further
be appreciated that a foam element comprises at least one foam body, article or
the like which includes a three-dimensional continuous network of pores. One

exemplary form of the foam element comprises a polymeric elastic sponge.

[34] The porous elastic polymeric preferably has a three-dimensional open
pore structure. In embodiments, the open pore structure forms a three-
dimensional continuous network of pores substantially throughout the foam.
Again, the Inventors consider that the three dimensional continuous network,
provides an elastic nature when adsorption/desorption of water which is of
benefit to the water transport from the contact layer of hydrogel to upper layer.
This appears to avoid a water transport barrier which is present when the
hydrogel is used in a powder form in a similar forward osmosis draw material

application.

[35] The pore of the three dimensional pore structure of the foam pores of the
foam can have any suitable size. In some embodiments, the pores are sized
from 200 nm to 1 mm. In some embodiments, the average pore size is at least
400 nm, preferably about 400 nm. The hydrogel is preferably formed in at least

the macropores (>400 nm) of the porous elastic foam material.

[36] Any suitable elastic polymeric foam material can be used. For example,
in embodiments the porous elastic polymeric foam element may comprises a
polyurethane foam, polyester foam, melamine foam, graphene oxide foam, or
poly(ether imide) foam. In preferred forms, the porous elastic polymeric foam
element comprises a polyurethane sponge. However, it should be appreciated
that foams of other rubbery materials, particularly hydrophilic foams could be
used, including foams based on a range of rubbery, polar polymers, which are

not water-soluble. Accordingly, in some embodiments, the porous elastic

10
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polymeric foam element comprises a Poly(N-isopropylacrylamide)-co-

poly(sodium acrylate) in polyurethane foam composite.

[37] The hydrogel composite draw material can have any desired form or
configuration to fit the particular draw application and forward osmosis
equipment. In preferred embodiments, the hydrogel composite draw material
has a monolith form. An interpenetrating monolith is easy to be use,
mechanically robust and readily able to be recycled in practical applications.
Advantageously, the monolith form may be shaped by tailoring the configuration

of the base polymer foam element.

[38] In particular embodiments, the present invention provides a hydrogel
composite draw material for forward osmosis comprising:

a porous elastic in polyurethane foam element including a three-
dimensional continuous network of pores interpenetrated with a polymer
hydrogel comprising Poly(N-isopropylacrylamide)-co-poly(sodium acrylate),

wherein, in use, the hydrogel composite draw material draws a water flux
of at least 3.5 L/m?h.

[39] A second aspect of the present invention also provides a method of
forming a forward osmosis draw material. This method comprises the steps of:
(1) introducing at least one ethylenically-unsaturated monomer and a multi-
olefinic crosslinking agent within at least a portion of the pores of a porous
elastic polymeric foam element including a three-dimensional continuous
network of pores; and
(i) subjecting the admixture to polymerization conditions to form a hydrogel
composite thereof within the pores of the foam element,

thereby forming a hydrogel composite draw material for forward osmosis

which in use, draws a water flux of at least 3.5 L/m?h.

[40] Again, the hydrogel composite draw material of the present invention
preferably provides a high draw flux in use as a draw material in forward
osmosis in particular, forward osmosis desalination. In use, the hydrogel

composite draw material draws a water flux of at least 3.5 L/m?h. It should be

11
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appreciated that for measurement and comparison purposes this water flux is

preferably measured when 2000 ppm aqueous NaCl solution is used as feed.

[41] The method can include the further step of removal of unreacted

monomer and water using a wash and dry process.

[42] It should be appreciated that all of the above features discussed in
relation to the first aspect of the present invention can be equally applied and

used in this second aspect of the present invention.

[43] The at least one ethylenically-unsaturated monomer and the multi-
olefinic crosslinking agent can be introduced within the pores of the porous
elastic polymeric foam element in any suitable method. In some embodiments,
the at least one ethylenically-unsaturated monomer and a multi-olefinic
crosslinking agent are combined to form an admixture thereof, that admixture is
then introduced into the pores of the porous elastic polymeric foam.
Furthermore, said introducing step preferably comprises interpenetrating the at
least one ethylenically-unsaturated monomer and the multi-olefinic crosslinking
agent within the pores of the porous elastic polymeric foam. In embodiments,
the at least one ethylenically-unsaturated monomer and the multi-olefinic
crosslinking agent are introduced within the pores of the porous elastic
polymeric foam element by fully soaking the porous elastic polymeric foam
element in a solution, preferably admixture, of the monomer(s), cross-linker and

where applicable initiator.

[44] The hydrogel-sponge interpenetrating network can be easily shaped
depending on applications. In embodiments, the method therefore further
includes the step of: tailoring the shape of the polymer foam element to provide
a selected configuration prior to introduction of the admixture to the polymer
foam. By tailoring the shape of the polymer foam element, the hydrogel
composite draw material can be easily shaped. The swelled PUF/hydrogel can
be handling easily during the applications and tailored by scissor without
destroying their monolith-like shape. Moreover, the shape can be tuned by

tailoring the sponge structure.

12
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[45] The concentration of monomers can influence the final hydrogel content
of the composite. In some embodiments, the concentration of monomers is

from 12.6 to 20 wt% in solution.

[46] Again, the content of the hydrogel within the foam element influences the
water draw flux of the final hydrogel composite draw material. The content of
hydrogel in the composite is preferably from 50 to 90 wt%. However, in
embodiments the hydrogel content can be from 60 to 90 wt%, preferably
between 70 to 90 wt%. In some embodiments, the content of hydrogel in the
composite is from 50 to 89 wt%, which, in use, produces a hydrogel composite

draw material draws a water flux from 3.9 to 17.9 L/m?h.

[47] As discussed in relation to the first aspect, a number of ethylenically-
unsaturated monomer can be used to form the polymer hydrogel in the method
of this second aspect. Suitable monomers include at least one ethylenically-
unsaturated monomer is selected from (meth)acrylic acid, salts of (meth)acrylic
acid, esters of (meth)acrylic acid and hydroxyl derivatives thereof, itaconic acid,
salts and acids of esters of (meth)acrylic acid, amides of (meth)acrylic acid, N-
alkyl amides of (meth)acrylic acid, salts and acids of N-alkyl amides of
(meth)acrylic acid, N- vinyl pyrrolidone, (meth)acrylamide, N-alkyl derivatives of
(meth)acrylamide, alkyl ammonium salts, N-alkyl derivatives of an alkyl
(meth)acrylate, 2- acrylamido-2 -methyl- 1 -propanesulfonic acid, potassium salt
of 3-sulfopropyl acrylate, and 2- (acryloyloxy)ethyl trimethyl ammonium methyl
sulfate. Furthermore, in some embodiments, the ethylenically-unsaturated
monomer is selected from at least one of acrylamide (AAm), N-isopropyl
acrylamide (NIPAM), 2-hydroxyethyl (meth)acrylate (HEA, HEMA), acrylic acid
(AAc), salts of acrylic acid (potassium, sodium and ammonium), potassium salt
of 3-sulfopropyl acrylate (SPAK), poly(ethylene glycol)acrylate, poly(ethylene
glycol)alkyl ether acrylate, methacrylic acid-2-dimethylaminoethyl ester,

dimethylaminoethyl acrylate and diallyldimethylammonium chloride (DADMAC).

[48] In exemplary embodiments, the ethylenically-unsaturated monomer is

selected from N-isopropylacrylamide, sodium acrylate or a combination thereof.

13
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[49] Similarly, a number of crosslinking agent can be used to form the
polymer hydrogel in the method of this second aspect. For example, in
embodiments the crosslinking agent can be selected from the group consisting
of N,N'-methylenebisacrylamide (BIS), N,N'-ethylenebisacrylamide (EBA),
(poly)ethylene glycol di(meth)acrylate, ethylene glycol dimethacrylate, ethylene
glycol diglycidyl ether, glycidyl methacrylate, polyamidoamine epichlorohydrin
resin, trimethylolpropane triacrylate (TMPTA), piperazine diacrylamide,
glutaraldehyde, epichlorohydrin, crosslinkers containing 1,2-diol structures, and

functionalized peptides and proteins.

[50] In exemplary embodiments, the crosslinking comprises N, N’-

methylenebisacrylamide.

[51] The polymerisation step can be conducted using any known
polymerisation technique. In some embodiments, polymerization comprises
radical polymerization of the monomers. Polymerisation is preferably controlled

in macropores (~ 400 um) of the porous elastic polymeric foam element.

[52] Polymerization can be initiated by any known applicable mechanism,
including photochemical (e.g. using a UV lamp), thermal (e.g. using ammonium
persulfate (APS)) and oxidation-reduction reactions (e.g. using APS/sodium
metabisulfite (SMBS) or APS/tetramethylethylene diamine (TMEDA). In
preferred embodiments further including the step of:

adding an initiator to initiate polymerisation of the hydrogel,

wherein the initiator is selected from the group consisting of 2,2'-
azobisisobutyronitrile, 2,2’-azobis(2-methylpropionamidine) dihydrochloride and
ammonium persulfate. In exemplary embodiments, the initiator comprises

ammonium persulfate.

[53] A fourth aspect of the present invention provides a hydrogel composite
draw material according to the first aspect of the present invention formed from

the method according to the second aspect of the present invention.

[54] A fifth aspect of the present invention provides use of a hydrogel

composite comprising a porous elastic polymeric foam element including a
14
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three-dimensional continuous network of pores interpenetrated with a polymer
hydrogel for a draw material in forward osmosis, wherein, in use, the hydrogel

composite draw material draws a water flux of at least 3.5 L/m?h.

[55] Again, the hydrogel composite draw material of the present invention
preferably provides a high draw flux in use as a draw material in forward
osmosis in particular, forward osmosis desalination. Again, It should be
appreciated that for measurement and comparison purposes this water flux is

preferably measured when 2000 ppm aqueous NaCl solution is used as feed.

[56] The hydrogel composite preferably comprises a hydrogel composite
draw material for forward osmosis according to the first aspect of the present
invention. In this respect, it should be appreciated the all of the above features
discussed in relation to the first aspect and second of the present invention can

be equally applied and used in this fifth aspect of the present invention.

[57] A sixth aspect of the present invention provides a method of use of a
hydrogel composite draw material according to the first aspect of the present
invention in a forward osmosis desalination process including a semipermeable
membrane including a feed side and an active side. The method comprises:

locating a hydrogel composite draw material according to the first aspect
of the present invention on the active side 110 a semipermeable membrane of a
forward osmosis apparatus;

flowing a feed saline solution flows across the opposite side of the
semipermeable membrane, thereby allowing pure water to pass through the

membrane and be absorbed by the hydrogel composite draw material.

[58] It should be appreciated the all of the above features discussed in
relation to the first aspect and second of the present invention can be equally

applied and used in this sixth aspect of the present invention.

[59] After the FO process, and once the polymer hydrogels in the composite
are substantially swollen by absorbed water, the method preferably further

includes the step of:
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dewatering the hydrogel composite draw material using an appropriate
stimuli selected from the application of at least one of: light, heat or pressure to
substantially remove the absorbed water content from the hydrogel composite

draw material.

[60] Following the dewatering step, the (dewatered) hydrogel composite draw

material can be recycled for use in a further forward osmosis process.

[61] Finally, in some aspects, the present invention provides a hydrogel
composite draw material for forward osmosis comprising:

a porous elastic polymeric foam element including a three-dimensional
continuous network of pores interpenetrated with a polymer hydrogel.

wherein, in use, the hydrogel composite draw material draws a water flux
of at least 3 L/m?h, preferably at least 3.5 L/m*h measured when 2000 ppm

aqueous NaCl solution is used as feed.

BRIEF DESCRIPTION OF THE DRAWINGS
[62] The present invention will now be described with reference to the figures
of the accompanying drawings, which illustrate particular preferred

embodiments of the present invention, wherein:

[63] Figure 1A provides a schematic of the synthesis of gel/PUF composites

according to the present invention.

[64] Figure 1B shows a schematic representation of forwards osmosis (FO)
desalination by using hydrogel-foam composite of the present invention as draw

agents.

[65] Figure 2 provides digital photographs of a) polyurethane foam (PUF), b)
after loading with PSA-PNIPAM hydrogel, c) dry gel/PUF composites, d)
PUF/PSA-PNIPAM hydrogel before cut, e) PUF/PSA-PNIPAM hydrogel handled
with finger, and f) PUF/PSA-PNIPAM hydrogel after cutting with scissor.

[66] Figure 3 provides scanning electron microscopy (SEM) images of a) PUF,
b) Hydrogel/PUF-1:1, c) Hydrogel/PUF-3:1, and d) Hydrogel/PUF-8:1.
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[67] Figure 4 illustrates a) a swelling experiment, which was carried out by
soaking the monolith with the same size (about 1x1x1.5 cm) in 500 ml of DI
water. b) The schematic for the Forward Osmosis (FO) desalination process by
using hydrogel as a draw agent. ¢) The flux measured by using
hydrogel/sponge composites with different mass ratios as draw agent, and
water as feed solution. d) The flux measured by using hydrogel/sponge
composites (mass ratio of 8:1) as draw agent, and NaCl solution with different

concentrations (from 0.2 to 3.5 wt%) as feed solution.

[68] Figure 5 illustrates water transport in the (a) hydrogel powder and (b)

hydrogel/PUF composites according to the present invention.

[69] Figure 6 provides (a) a schematic for the dewatering process of
hydrogel/PUF composites; (b) Water recovery ratio of hydrogel/PUF composites
with different swelling ratio (100, 200 and 420 %).

[70] Figure 7 shows a swelling kinetic for the hydrogel-polyurethane

interpenetrating network (HPIN) in pure water.

[71] Figure 8 shows a) Digital photographs of hydrogel/PUF composites with
different soaking time (0, 240 and 720 min). b) gel/PUF stood in the copper

nitrate solution for the test the water transport in the matrix.

DETAILED DESCRIPTION

[72] The present invention provides a hydrogel-polymer foam interpenetrating
network (HPIPN) with monolith form formulated to function as an effective draw
agent for a forward osmosis desalination process and a process of producing

this composite material.

[73] In broadest terms, the hydrogel composite draw material of the present
invention comprises a porous elastic polymeric foam element including a three-
dimensional continuous network of pores interpenetrated with a polymer
hydrogel. The hydrogel composite draw material is formulated or composed to

draws a water flux of at least 3.5 L/m?h. It should be appreciated that for
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measurement and comparison purposes this water flux is preferably measured

when 2000 ppm aqueous NaCl solution is used as feed.

[74] The hydrogel preferably comprises a stimuli-responsive polymer
hydrogel. For example, poly(Nisopropylacrylamide) (PNIPAM)-based hydrogels
show a low critical solution temperature (LCST) at about 32 °C, which can
change from hydrophilic to hydrophobic above their LCST and release the
entrapped water from their network. This intrinsic property can be applied for
the dewatering of hydrogel after FO desalination, which exhibits an energy

efficient method to regenerate the draw agent.

[75] The hydrogel-foam composite of the present invention is used as a draw
material for forward osmosis (FO) desalination. Figure 1A shows a schematic
representation of FO desalination 100 by using hydrogel-foam composite 105
as draw agents. In principle, there are two primary steps which comprise this
desalination process, the FO step and the dewatering step. Hydrogel-foam
composite 105 are used as the draw agents. They are placed on the active side
110 (rejection layer) of the semipermeable membrane 112 as a deswollen
hydrogel/foam composite. A feed saline solution flows across the other side
114 of the semipermeable membrane 112. Owing to a high swelling pressure,
polymer hydrogels enable pure water to pass through the membrane and
become swollen via absorption of the water; and the hydrated ions at the feed
side are rejected by the membrane 112. After the FO process swollen polymer
hydrogels in the composite 105 are dewatered under different stimuli 116, such
as light, heat and pressure to recover the water. The composite 105 is then
recycled 120 for further FO.

[76] Such a hydrogel composite draw material can be prepared by controlling
the polymerization of the monomers (for example N-isopropylacrylamide and
sodium acrylate) in the pores of the porous elastic polymeric foam element. As
shown in Figure 1B, the process of preparing a hydrogel composite draw

material of the present invention typically involves the steps of:
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[77] Step 1. polymerization of hydrogel monomer in a matrix of polymer foam
to obtain the hydrogel/foam composites of the present invention. This step can
comprise:

(1) introducing at least one ethylenically-unsaturated monomer and a multi-
olefinic crosslinking agent within at least a portion of the pores of a porous
elastic polymeric foam element including a three-dimensional continuous
network of pores; and

(i) subjecting the admixture to polymerization conditions to form a hydrogel

composite thereof within the pores of the foam element.

[78] Step 2: removal of unreacted monomer and water using a wash and dry
process. For example, the unreacted monomers and low-molecular-weight
polymer can be removed from the composite through washing and/or immersion
in a EtOH and water mixture (v/v, 1:1) to remove the unreacted monomers and
low-molecular-weight polymer and then heated and dried at for example at 80

°C in an oven.

[79] In the first step, the monomer and crosslinking agent are typically
combined to form an admixture thereof, that admixture is then introduced to
interpenetrate into the pores of the porous elastic polymeric foam, for instance

by soaking the foam element in the admixture.

[80] Whnilst not wishing to be limited to any one theory, the Inventors have
surprisingly found that a polymer foam can be used as a 3D continuous
skeleton to fabricate a hydrogel monolith and still retain effective water transport
and high flux when used as draw agent for FO desalination. The porous elastic
polymeric foam provides a synergistic support structure for the hydrogel whist
retaining the advantageous aqueous draw and swelling properties of the
hydrogel. The porous elastic polymeric foam/hydrogel composites of the
present invention have been developed to provide a high draw flux in use as a

draw material in forward osmosis in particular, forward osmosis desalination.

[81] The Inventors note that the structure of hydrogel/polyurethane foam

composites has been studied in prior research in the context of providing a
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reinforcing support or framework for a hydrogel to improve the mechanical
properties of a hydrogel for practical applications as discussed in the
background to this invention (i.e. Lui et al (2008) and Teramoto et al. (2014)).
However, the Inventors note that the application of hydrogel/PUF for the draw
agent in FO desalination is novel and surprising, particularly given the results of

previous studies of similar material.

[82] Each of these previous hydrogel composite studies concentrated on the
mechanical support and reinforcing properties that polymer foam had on the
hydrogels and their composites applicable for medical or biomechanical
applications. Compositions and mechanical properties were optimised on that
basis. No consideration was given to the water transport or draw agent
properties of the produced composites, and more importantly properties suitable
for use in forward osmosis and more particularly as an effective draw agent in
forward osmosis. In fact, based in Lui et al (2008), the modulus and swelling
ratio of the composite of each of these prior composites were significantly less
than the hydrogel. The swelling and water transport properties of these
reported hydrogel composites appear to teach that such composites do not
have suitable properties for effective water transport and high flux when used as

draw agent.

[83] In this context and despite the unfavourable swelling results reported in
the previous work, the Inventors have surprisingly found that the hydrogel
composites of the present invention show effective water transport and high flux

when used as draw agent for forward osmosis desalination.

[84] The inventors also note that three-dimensional polymer structures have
also been formed within hydrogels to strengthen the hydrogel structure. For
example, International patent publication No. WO 2003089506 A1 entitled
Hydrogels having enhanced elasticity and mechanical strength
properties teaches hydrogel hybrid formulations containing a strengthening
agent (such as natural or synthetic polymers, polyelectrolytes, or neutral,
hydrophilic polymers) to chemical or physical crosslinking conditions
subsequent to initial gel formation. The hydrogels are developed to enhance

their mechanical strength particularly when swollen in water. The hydrogels
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are taught with particular emphasis on industrial applications in agriculture,
horticulture, hygiene, construction, medical and biomedical fields where they
can be used as a particulate to impart a well-defined shape to water-absorbent
polymers. Examples include pharmaceutical compositions, gastric retention
devices, long-term water holding in horticulture and hygienic products, water

sealing, or caulking in civil constructions, and the like.

[85] The enhanced hydrogels are formed using a base hydrogel polymer
formed of at least one ethylenically-unsaturated monomer and a multi-olefinic
crosslinking agent in the presence of a strengthening agent comprising a
crosslinkable natural or synthetic polymer. The strengthening agent thereby
occupies the interstices of the base hydrogel polymer matrix. Upon conversion
of the strengthening agent to its crosslinked structural form, e.g., by ionic
gellation, the resulting product acquires a greater compression modulus than is
available to the base hydrogel polymer alone. Interpenetrating networks of
polymer chains comprised of primary polymer(s) and strengthening polymer(s)
are thereby formed. The primary polymer affords capillary-based water sorption
properties while the strengthening polymer imparts significantly enhanced

mechanical strength and elasticity to the hydrogel or superporous hydrogel.

[86] Whilst the mechanical properties of these hydrogels are enhanced by
that structure, no discussion is provided on the suitability of such reinforced
hydrogel materials forward osmosis, and more particularly as a draw agent for
forward osmosis. Moreover, the composite structure and composition of such
materials differs significantly to the present invention as the strengthening
structure is formed insitu of the hydrogel, rather than the hydrogel being formed

within the 3D structure of a polymer foam.

[87] The polymer hydrogel responsible for its water-swelling properties can
have any suitable composition. The polymer hydrogel preferably comprises at
least one ethylenically-unsaturated monomer polymerised with at least one

multi-olefinic crosslinking agent.

[88] An ethylenically-unsaturated monomer of the present invention is

capable of being polymerized, e.g., by radical polymerization, with one or more
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monomers, crosslinkers, and the like. Exemplary of such monomers are water-
soluble or water miscible monomers, such as (meth)acrylic acid, salts of
(meth)acrylic acid, esters of (meth)acrylic acid and their derivatives {e.g., 2-
hydroxyethyl (meth)acrylate, hydroxypropyl (meth)acrylate, butanediol
monoacrylate}, itaconic acid, salts and acids of esters of (meth)acrylic acid,
amides of (meth)acrylic acid, N- alkyl amides of (meth)acrylic acid, salts and
acids of N-alkyl amides of (meth)acrylic acid, N- vinyl pyrrolidone,
(meth)acrylamide, (meth)acrylamide derivatives (e.g., N-isopropyl acrylamide
(NIP AM), N-cyclopropyl meth(acrylamide)), diallyldimethylammonium chloride
(DADMAC), {2-(methacryloyloxy)ethyl} trimethylammonium chloride, N,N-
dimethylaminoethyl acrylate, 2- acrylamido-2-methyl-I-propanesulfonic acid,
potassium salt of 3-sulfopropyl acrylate (SPAK), 2-(acryloyloxy)ethyl trimethyl
ammonium methyl sulfate, and the like. Particularly preferred monomers include
acrylamide (AAm), NIP AM, 2-hydroxyethyl (meth)acrylate (HEA, HEMA),
acrylic acid (AAc), inorganic and organic salts (e.g., potassium, sodium and
ammonium) of AAc, DADMAC, SPAK, and mixtures of these. Other monomers
can of course be used, the identification and formulation of which is well within

the skill of the practitioner.

[89] A multi-olefinic crosslinking agent of the present invention permits
chemical crosslinking of polymer chains generated during polymerization.
Typically, the crosslinking agent is a monomer or polymer containing at least
two vinyl groups. Preferred crosslinking agents include N,N'-
methylenebisacrylamide (BIS), N,N'-ethylenebisacrylamide (EBA),
(poly)ethylene glycol di(meth)acrylate, ethylene glycol diglycidyl ether, glycidyl
methacrylate, polyamidoamine epichlorohydrin resin, trimethylolpropane
triacrylate (TMPTA), piperazine diacrylamide, glutaraldehyde, epichlorohydrin,
as well as degradable crosslinkers including those having 1,2- diol structures
(e.g., N,N'-diallyltartardiamide), and functionalized peptides and proteins (e.g.,

albumin modified with vinyl groups).

[90] Polymerization can be initiated by any known applicable mechanism,
including photochemical (e.g. using a UV lamp), thermal (e.g. using ammonium

persulfate (APS)) and oxidation-reduction reactions (e.g. using APS/sodium
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metabisulfite (SMBS) or APS/tetramethylethylene diamine (TMEDA). Suitable
polymerization conditions as referred to herein include ambient pressure and a
temperature in the range of 5 to 90 °C; more preferably ambient temperature of
20 to 50 °C and most preferably 25 to 30 °C. The time allowed for successful
polymerization and foaming is conveniently in the range of a few seconds to 1

hr, more preferably 30 sec to 5 min and most preferably 2 to 4 min.

[91] The concentration of monomers can influence the final hydrogel content
of the composite. In some embodiments, the concentration of monomers is
from 12.6 to 20 wt% in solution. The content of the hydrogel within the foam
element influences the water draw flux of the final hydrogel composite draw
material. The content of hydrogel in the composite is preferably from 50 to 95
wt%. However, in embodiments the hydrogel content can be from 60 to 90 wt%,
preferably between 70 to 90 wt%. In some embodiments, the content of
hydrogel in the composite is from 50 to 89 wt%, which, in use, produces a

hydrogel composite draw material draws a water flux from 3.9 to 17.9 L/m?h.

[92] Finally, the hydrogel-foam composite of the present invention can be
easily shaped depending on applications by tailoring the shape of the polymer
foam element, the hydrogel composite draw material can be easily shaped. The
swelled foam/hydrogel element can be handling easily during the applications
and tailored by scissor without destroying their monolith-like shape. Moreover,

the shape can be tuned by tailoring the foam element structure.

EXAMPLES

[93] Exemplary embodiments of the hydrogel composite draw material of the
present invention will now be exemplified in the following examples. It should
be appreciated that these example broadly demonstrate the materials and
processes for forming such a hydrogel composite draw material. However, the
examples should be understood to be applicable to a wide range of materials
and compositions, and should not be limited to the exemplified compositions

and materials.
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Chemicals and Materials:

[94] Sodium acrylate (SA, 99 %), N, N'-methylenebisacrylamide (MBA, 99 %),
N-isopropylacrylamide (NIPAM, 96 %) and ammonium persulfate (98 %) were
purchased from Sigma-Aldrich Australia. Forward osmosis (FO) membranes
made from cellulose triacetate with an embedded polyester screen mesh were

provided by Hydration Technologies Inc. (Albany, OR).

Preparation of Hydrogel Draw Agent

[95] The poly(N-isopropylacrylamide)-co-poly(sodium acrylate) (PNIPAM-PSA)
hydrogel powders were prepared via radical polymerization by using NIPAM
and SA as monomers, MBA as cross-linker, and ammonium persulfate (APS)
as initiator. Typically, 3.33 g of SA and 1.67 g of NIPAM were dissolved in 25 ml
of deionized water at room temperature. Then, 0.12 g of MBA and 0.08 g of
APS were added into the above solution. After complete dissolution, the
polymerization was carried out at 90 °C for 2 h. To remove the unreacted
monomers and low-molecular-weight polymer, the hydrogels were cut into small
pieces and immersed into deionized water at room temperature for 3 days. The
hydrogel was then dried at 80 °C in an oven and then the powder form was

obtained by grinding dried hydrogel.

[96] To prepare a PNIPAM-PSA-PU composited hydrogel, the polyurethane
foam (PUF) with tailored size was fully soaked in the clear solution of
monomers, cross-linker and initiator. The PUF was squeezed by using spatulas
to exclude the air in the foam. The saturated PUF and residual precursor were
heated to 90 °C for polymerization. The hydrogel outside of PUF was carefully
scraped before soaking in EtOH and water mixture (v/v, 1:1) to remove the
unreacted monomers and low-molecular-weight polymer. The PNIPAM-PSA-PU
composited hydrogel was obtained after dried at 80 °C in an oven. The mass
ratio of PUF and hydrogel was calculated by the mass of PUF before and after
loading hydrogel. The mass ratio of gel respect to PUF (from 1:1 to 8:1) was

adjusted by changing the concentration of monomers from 12.6 to 20 wt%.
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Characterization

[97] Scanning electronic microscopy (SEM) image of PUF and PNIPAM-PSA-
PU composited hydrogel was determined by field-emission scanning electronic
microscopy (FEI Nova NanoSEM 450). The sample was sputter-coated with

platinum before test.

[98] FO measurements were carried out in a home-made setup as our
previous report (see reference 27). The dried hydrogel monoliths with size of
about 0.5%0.5%1 cm as a draw agent were placed on the active side of the FO
membrane with an effective area of 4.90 cm?, while DDI water or NaCl solution
with different concentrations (0.2 - 3.5 wt %) was used as the feed solution on
the other side of the FO membrane. The FO membrane was immersed in the
DDI water for at least 12 h before use. Water flux, F (L m? h™", or LMH), was

calculated by:

1

|

|
I

(1)

where V (L) is the volume of water absorbed by the hydrogel, calculated by
dividing the mass of the water (i.e., the mass increase of the hydrogel
measured by a KERN ASL256-4A balance, Germany, accuracy: 0.1 mg) by its
density, t (h) is the time and A (m?) is the effective area of the FO membrane
(4.90 cm?).

[99] The swelling experiment was carried out by soaking the monolith with the
same size (about 1x1x1.5 cm) in 500 ml of DI water. The mass of sample was
recorded at intervals after carefully wiping the water adsorbed on the surface of
monolith with tissue. To visually investigate the water transport inside the
gel/PUF, copper nitrate solution was used. Typically, 0.6 g of Cu(NO3),-3H,0
was dissolved in 50 mL of water. Then the solution was poured in a petri dish to
get a solution with around 3 mm depth. The gel/PUF monolith stood in the
solution to contact with the solution adequately. The colour of gel/PUF monolith

was recorded via photos.

25



WO 2017/045114 PCT/CN2015/089577

[100] In the solar dewatering process, 0.76 g of the swollen polymer hydrogel
(dry powder with 10 times its mass of water) was placed under the sunlight

simulator (2 kW m?). The water recovery rate (R) was calculated by

- —— x 1009
E»’i»“g

R

where W, is the weight of the water lost during the solar dewatering and W, is
the weight of the water contained in the swollen hydrogel before the dewatering

test.

Results and Discussion

[101] PU is one of most commonly used polymer foam and it shows high
porosity, open framework, and high flexibility. PUF was fully soaked in the
precursors of hydrogel to let the monomers enter the macropores of PUF and
polymerize in the PUF (Figure 1B, Step 1). The polymer hydrogel, poly(N-
isopropylacrylamide)-co-poly(sodium acrylate) (PNIPAM-co-PSA), was chosen
as a typical draw agent. The segment of PNIPAM is thermal responsive, which
is benefit to the dewatering process when the temperature increases to 32 °C.
The ionic polymer (PSA) with high osmosis pressure can effectively increase
the flux of FO process. After washing and drying to remove the unreacted

monomers and water (Figure 1B, Step 2), a gel/PUF composite was obtained.

[102] As the commercial polyurethane foam (PUF) shows high flexibility, it can
be easily tailored to any shape for different applications (Figure 2a). After
loading the precursors of hydrogel including monomers (SA, NIPAM),
crosslinker (N, N’-methylenebisacrylamide; MBA) and initiator (ammonium
persulphate; APS) in water followed by radical polymerization at 90 °C,
hydrogel/PUF composites with similar shape and size were obtained (Figure 2b).
After washing with ethanol and water to remove the unreacted monomers, the
composites were fully dried in the oven. The obtained gel/PUF show similar
shape with the PUF but an obvious shrinkage, especially for the six faces of
cube, which caused by the removal of water (~ 80 wt %) in the hydrogel (Figure
2c). Due to the uniform distributions of hydrogel in the matrix of PUF, the shape
of hydrogel/PUF composites were well retained even after handling and tailoring

(Figure 2d-f), which indicating a robust mechanical property.
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[103] Scanning electron microscopy (SEM) image of PUF shows a 3-D
continuous porous structure with pore size of about 400 um (Figure 3a). After
loading the gel, SEM image of gel/PUF (mass ratio, 1:1) reveals that the gels
are successfully loaded in the macropores of PUF (Figure 3b). As the mass
ratio of gel with respect to PUF further increases from 4:1 to 8:1, almost all the
macropores are filled with gel (Figure 3c-d), indicating the formation of the
gel/polyurethane interpenetrating network (HPIPN). From the results of
hydrogel/PUF (Figure 2b), the hydrogels were distributed uniformly in the PU
foam. After drying, the gels were still in the PUF, which reveals the
homogenous shrinkage of both hydrogel and PUF. As is known, PUF is elastic
like most of the common sponge. Due to a uniform distribution of hydrogel in
PU foam, the shrinkage of hydrogel during drying process will drive the
shrinkage of PUF together. This may be due to a strong hydrogen bonding
between polyurethane and poly(N-isopropylacrylamide), which can effective
avoid a phase separation of PUF and polymer hydrogel during the
polymerization and drying process. The optical image also confirms that the
overall homogeneous distributions in centimetre-scale after polymerization and

drying process.

[104] To investigate the water adsorb kinetics of gel/PUF, the gel/PUF (mass
ration, 8:1) was immersed in DDI water for adsorption of water. It can be seen
the gel/lPUF reveals a fast rate of water adsorption (Figure 7). During the
adsorption, the volume of the gel/PUF also increases as shown in Figure 8a.
From the optical image of the dry gel/PUF and swelling ones, the cuboid shape
of the composites nearly keep constant except the volume. In the middle area of
hydrogel/PUF bulk, the colour is yellow, which is similar to the dry one,
indicating the water enters the matrix of composition from outside to inside
gradually. It's important to investigate the water transport in the gel/PUF matrix.
Therefore, one end of dry gel/PUF was put in the copper nitrate solution to let
the solution transport form the bottom to the upper layer of gel/PUF (Figure 8b).
The optical images clearly show that water can transport easily from bottom to
top of composites. From the colour differences, it can be concluded that water

can transport easily from the surface of composites.

27



WO 2017/045114 PCT/CN2015/089577

[105] As the size of the bulk materials plays a key role during water transport
inside of the hydrogel, gel/PUF composites with different ratios of gel to PUF
and the similar size (i.e. 1x1x1.5 cm) were immersed in water to investigate the
water absorption kinetics. As seen from Figure 4a, the composites with high gel
content show enhanced water absorption rate due to the high swelling ratio of

hydrogel materials.

[106] The gel/lPUF composites were further used as the draw agent due to
their 3-D continuous structure and fast rate of water adsorption and transport.
The setup for the test of FO process was shown in Figure 4b. The solid draw
agent (gel/PUF) was put on the active side of FO membrane. The support layer
of FO membrane was facing the feed solution. The DDI water was firstly chosen
as the feed solution. When pure PUF was used as the draw agent, no flux was
observed owing to its weak capillary force. When hydrogel powder was used as
the draw agent, the 1h’s flux is as low as 2.2 LHM, which is consistent to the
previous reports (see reference 32). Because the water is difficult to transport
from the bottom to the up layer of draw agent, the up layer of the hydrogel is dry
after 8 h’'s FO process. Differently, when gel/PUF composites were used as the
draw agent, the water can transport easily from the bottom to up layer of the
draw agent. This is important to the draw agent, as all the draw agent can be
effectively used during the FO process. When the mass ratio of gel respect to
PUF increases from 1:1 to 8:1, the flux (1 hour) also increases from 3.9 to 17.9
LMH (Figure 4c). When the gel was fully filled in the pores of PUF, the flux is
highest, which is almost 8 times to the common used hydrogel powders without
PUF. Due to its high flux, gel/PUF with mass ration of 8:1 was used as the draw
agent and different concentrations of sodium chloride solution were used as the
feed solution. As the concentrations of NaCl solution increases from 0.2 to 3.5
wt%, the one hour’s flux decreases from 14.8 to 4.2 LMH, due to the higher
osmotic pressure of feed solution with higher concentration of NaCl solution
(Figure 4d). The flux is better than all the previous reported hydrogel draw

agents, see Table 1:
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[107] Table 1 Summary of the flux by using polymer hydrogels and their composites
as the draw agents in the FO desalination

Materials 1h’s Flux (LMH) Feed Solution Reference

PSA 0.96 0.2 wt% NaCl 1
solution

PNIPAM 0.27 0.2 wt% NaCl 1
solution

PNIPAM-co-SA (size 1.0 0.2 wt% NaCl 2

of 2-25 um) solution

PSA/Carbon 1.06 0.2 wt% NaCl 3
solution

PSA/rGO 3.1 0.2 wt% NaCl 4
solution

PSA-co-PNIPAM/F GO 1.7 0.2 wt% NaCl 4
solution

PSA-co-PNIPAM/y- 1.4 0.2 wt% NaCl 5

Fe,Os solution

PNIPAM-SA (semi- 0.24 0.2 wt% NaCl 6

IPN) solution

Microgel (PNIPAM) 2 0.2 wt% NaCl 7
solution

Microgel (PNIPAM- 4 0.2 wt% NaCl 7

PAA) solution

PSA-co-PNNIPAM- 14.8 0.2 wt% NaCl This study

PUF solution

[108] Based on the above results, the high flux was ascribed to the unique
hydrogel-polyurethane interpenetrating network with 3D continuous structure.
During the FO process, the osmotic pressure of the draw agent is very
important to the FO flux. When draw solution was used, the stirring can be used
to eliminate the concentration gradient effectively. However, when “solid”
hydrogel draw agent was used, the concentration gradient in the hydrogel is
difficult to be eliminated as the water trapped in the hydrogel particles is difficult
to transport easily between different hydrogel particles (Figure 5a). As the result,
only the hydrogel particles on the active surface of FO membrane can be
effectively utilized. The up layer of the hydrogel powders was usually completely
dry after FO process. In our case, the unique hydrogel-polyurethane
interpenetrating network with 3D continuous structure can effective solve this
problem as the water can transport inside of the hydrogel/PUF composites
easily. As the hydrogel in the matrix of the hydrogel/PUF composites are
continuous, the dry gel can easily pull the water from the bottom to up layer
(Figure 5b). In addition, we also think that there might be an interface between

hydrogel and PUF surface, which can produce a strong capillary force and a
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transport pathway to speed the water transport inside of hydrogel/PUF

compositions.

[109] In the dewatering process, the hydrogel/PUF composites with different
swelling ratio (100, 200 and 420 wt%) were treated under the simulated sunlight
with density of 2.0 kW m™ (Figure 6a). It is noted that during the solar
dewatering process, a portion of water may evaporate as vapour. After
exposure to the simulated sunlight for 90 min, the water released from swollen
hydrogel/PUF composites is around 79, 75, 46 wt% respectively for different
swelling ratios. As the water content in the swelling hydrogel/PUF composites
increases from 100 to 200 %, the water recovery is similar; indicating that the
water located in the matrix of hydrogel/PUF composites can be easily removed.
When the swelling ratio increases to 420 %, the high content of water makes
the temperature of composites increases slower, resulting in a lower recovery

rate.

Conclusion

[110] In conclusion, a hydrogel-polyurethane interpenetrating network (HPIPN)
with monolith form was prepared by controlling the polymerization of the
monomers (N-isopropylacrylamide and sodium acrylate) in the macropores (~
400 pm) of commercial polyurethane foam. By tailoring the shape of PUF, the
HPIPN can be easily shaped. The content of hydrogel in the HPIPN can be
adjusted from 50 to 89 % by increasing the concentration of monomers from
12.6 to 20 wt %. The HPIPN was further used as draw agent for forward
osmosis desalination, which shows high flux from 3.9 to 17.9 LMH as the
content of hydrogel in the composites from 50 to 89 wt%. The 3D continues
network, as well as elastic nature when adsorption/desorption of water are of
benefit to the water transport from the contact layer of hydrogel to upper layer,

which avoids the transport barrier existed in the powder form.

[111] Those skilled in the art will appreciate that the invention described herein
is susceptible to variations and modifications other than those specifically
described. It is understood that the invention includes all such variations and

modifications which fall within the spirit and scope of the present invention.
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[112] Where the terms "comprise", "comprises", "comprised" or "comprising"
are used in this specification (including the claims) they are to be interpreted as
specifying the presence of the stated features, integers, steps or components,
but not precluding the presence of one or more other feature, integer, step,

component or group thereof.
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CLAIMS

1. A hydrogel composite draw material for forward osmosis comprising:

a porous elastic polymeric foam element including a three-dimensional
continuous network of pores interpenetrated with a polymer hydrogel,

wherein, in use, the hydrogel composite draw material draws a water flux
of at least 3.5 L/m?h.

2. A hydrogel composite draw material according to claim 1 comprising a

draw material in forward osmosis desalination.

3. A hydrogel composite draw material according to claim 1 or 2, wherein,
in use, the hydrogel composite draw material draws a water flux of at least 3.9

L/m?h, preferably at least 4 L/m?h, more preferably at least 5 L/m?h.

4. A hydrogel composite draw material according to any preceding claim,
wherein the content of hydrogel in the composite is from 50 to 90 wt%,

preferably from 60 to 90 wt%, more preferably between 70 to 90 wt%.

. A hydrogel composite draw material according to any preceding claim,

wherein the polymer hydrogel comprises a stimuli-responsive polymer hydrogel.

6. A hydrogel composite draw material according to claim 5, wherein the
polymer hydrogel comprises an ionic polymer hydrogel with thermal responsive

units.

7. A hydrogel composite draw material according to any preceding claim,
wherein the polymer hydrogel comprises a poly(Nisopropylacrylamide)
(PNIPAM)-based hydrogel.

8. A hydrogel composite draw material according to any preceding claim,
wherein the hydrogel comprises a polymer or a co-polymer of at least one of:
(meth)acrylic acid, salts of (meth)acrylic acid, esters of (meth)acrylic acid and
hydroxyl derivatives thereof, itaconic acid, salts and acids of esters of

(meth)acrylic acid, amides of (meth)acrylic acid, N-alkyl amides of (meth)acrylic
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acid, salts and acids of N-alkyl amides of (meth)acrylic acid, N- vinyl pyrrolidone,
(meth)acrylamide, N-alkyl derivatives of (meth)acrylamide, alkyl ammonium
salts, N-alkyl derivatives of an alkyl (meth)acrylate, 2- acrylamido-2 -methyl- 1 -
propanesulfonic acid, potassium salt of 3-sulfopropyl acrylate, 2-
(acryloyloxy)ethyl trimethyl ammonium methyl sulfate, acrylamide (AAm), N-
isopropyl acrylamide (NIP AM), 2-hydroxyethyl (meth)acrylate (HEA, HEMA),
acrylic acid (AAc), salts of acrylic acid (potassium, sodium and ammonium),
potassium salt of 3-sulfopropyl acrylate (SPAK), poly(ethylene glycol)acrylate,
poly(ethylene glycol)alkyl ether acrylate, methacrylic acid-2-dimethylaminoethyl
ester, dimethylaminoethyl acrylate or diallyldimethylammonium chloride
(DADMAC).

9. A hydrogel composite draw material according to any preceding claim,
wherein the polymer hydrogel comprises at least one of poly(N-
isopropylacrylamide), poly(sodium acrylate), poly(vinylsulfonic acid, sodium salt),
polyvinyl  alcohol, Poly(N-isopropylacrylamide)-co-poly(sodium  acrylate),
Poly(N-isopropylacrylamide)-co-poly(acrylic acid), Poly(N-isopropylacrylamide)-
co-poly(acrylamide), Poly(N-isopropylacrylamide)-co-poly(vinyl alcohol), Poly(N-

isopropylacrylamide)-co-poly(alginic acid) or a combination thereof.

10. A hydrogel composite draw material according to any preceding claim,
wherein the porous elastic polymeric foam element comprises a polyurethane
foam polyurethane foam, polyester foam, melamine foam, graphene oxide foam,

or poly(ether imide) foam, preferably a polyurethane sponge.

11. A hydrogel composite draw material according to any preceding claim,
wherein the porous elastic polymeric has a three-dimensional open pore

structure.

12. A hydrogel composite draw material according to claim 11, wherein the
open pore structure forms a three-dimensional continuous network of pores

substantially throughout the foam.

13. A hydrogel composite draw material according to any preceding claim,

wherein the pores of the foam are sized from 200 nm to 1 mm.
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14. A hydrogel composite draw material according to any preceding claim,

wherein the hydrogel composite draw material has a monolith form.

15. A hydrogel composite draw material according to claim 14, wherein the
monolith form can be shaped by tailoring the configuration of the base polymer

foam element.

16. A method of forming a forward osmosis draw material comprising:

introducing at least one ethylenically-unsaturated monomer and a muilti-
olefinic crosslinking agent within at least a portion of the pores of a porous
elastic polymeric foam element including a three-dimensional continuous
network of pores; and

subjecting the admixture to polymerization conditions to form a hydrogel
composite thereof within the pores of the foam element,

thereby forming a hydrogel composite draw material for forward osmosis

which in use, draws a water flux of at least 3.5 L/m?h.

17. A method according to claim 16, wherein said introducing step comprises
interpenetrating the at least one ethylenically-unsaturated monomer and the
multi-olefinic crosslinking agent within the pores of the porous elastic polymeric

foam.

18. A method according to claim 16 or 17, wherein polymerization comprises

radical polymerization of the monomers.

19. A method according to any one of claims 16 to 18, further including the
step of:
tailoring the shape of the polymer foam element to provide a selected

configuration prior to introduction of the admixture to the polymer foam.

20. A method according to any one of claims 16 to 19, wherein the

concentration of monomers is from 12.6 to 20 wt% in solution.
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21. A method according to any one of claims 16 to 20, wherein the content of
hydrogel in the hydrogel composite draw material is from 50 to 95 wt%,

preferably from 50 to 89 wt%.

22. A method according to any one of claims 16 to 21, wherein the at least
one ethylenically-unsaturated monomer is selected from (meth)acrylic acid,
salts of (meth)acrylic acid, esters of (meth)acrylic acid and hydroxy| derivatives
thereof, itaconic acid, salts and acids of esters of (meth)acrylic acid, amides of
(meth)acrylic acid, N-alkyl amides of (meth)acrylic acid, salts and acids of N-
alkyl amides of (meth)acrylic acid, N- vinyl pyrrolidone, (meth)acrylamide, N-
alkyl derivatives of (meth)acrylamide, alkyl ammonium salts, N-alkyl derivatives
of an alkyl (meth)acrylate, 2- acrylamido-2 -methyl- 1 -propanesulfonic acid,
potassium salt of 3-sulfopropyl acrylate, and 2- (acryloyloxy)ethyl trimethyl

ammonium methyl sulfate.

23. A method according to any one of claims 16 to 21, wherein the
ethylenically-unsaturated monomer is selected from at least one of acrylamide
(AAm), N-isopropyl acrylamide (NIP AM), 2-hydroxyethyl (meth)acrylate (HEA,
HEMA), acrylic acid (AAc), salts of acrylic acid (potassium, sodium and
ammonium), potassium salt of 3-sulfopropyl acrylate (SPAK), poly(ethylene
glycol)acrylate, poly(ethylene glycol)alkyl ether acrylate, methacrylic acid-2-
dimethylaminoethyl ester, dimethylaminoethyl acrylate and
diallyldimethylammonium chloride (DADMAC).

24. A method according to any one of claims 16 to 23, wherein the
crosslinking agent is selected from the group consisting of N,N'-
methylenebisacrylamide (BIS), N,N'-ethylenebisacrylamide (EBA),
(poly)ethylene glycol di(meth)acrylate, ethylene glycol dimethacrylate, ethylene
glycol diglycidyl ether, glycidyl methacrylate, polyamidoamine epichlorohydrin
resin, trimethylolpropane triacrylate (TMPTA), piperazine diacrylamide,
glutaraldehyde, epichlorohydrin, crosslinkers containing 1,2-diol structures, and

functionalized peptides and proteins.

25. A method according to any one of claims 16 to 24, further including the

step of:
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adding an initiator to initiate polymerisation of the hydrogel,
wherein the initiator is selected from the group consisting of 2,2'-
azobisisobutyronitrile, 2,2’-azobis(2-methylpropionamidine) dihydrochloride and

ammonium persulfate.

26. A hydrogel composite draw material according to any one of claims 1 to

15 formed from the method according to any one of claims 16 to 25.

27.  Use of a hydrogel composite comprising a porous elastic polymeric foam
element including a three-dimensional continuous network of pores
interpenetrated with a polymer hydrogel for a draw material in forward osmosis
wherein, in use, the hydrogel composite draw material draws a water flux of at
least 3.5 L/m?h.

28.  Use of a hydrogel composite according to claim 27, wherein the hydrogel

composite comprises a hydrogel composite draw material for forward osmosis

according to any one of claims 1 to 15.
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