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FORMING A TREATED SWITCHABLE POLYMER AND_USE_THEREOF_IN. A FORWARD
OSMOSIS _SYSTEM

FIELD
[0001] The present disclosure relates generally to switchable polymers. More
particularly, the present disclosure relates to process of forming a treated switchable polymer

and use thereof in a forward osmosis system.

BACKGROUND

[0002] Currently, food, beverage and dairy industries need more affordable and less
energy intensive technologies for concentrating food and/or juice products for transportation
and storage. Traditional methods of concentration require heating a product or exposing it to
UV light, which have been shown to have detrimental effects on the flavor and nutritional value
of the food product. Furthermore, the use of ultrafiltration in purifying liquid food and dairy
products can require applications of high hydraulic pressures which can cause membrane
fouling. Similarly, oil extraction, fracking and mining industries are seeking water purification
technologies that go beyond concentrating generated streams of ‘process’ and ‘waste’ water
to having a capacity to produce high quality drinking water to cope with diminishing fresh water
sources. One technology that is increasingly being explored to cope with these demands on
an industrial scale is Forward Osmosis (FO). FO is an emerging water purification process with
a potential to offer less membrane fouling, to be applicable to feed solutions having relatively
higher osmotic pressures, and to be more cost-effective than other technologies [e.g.,
nanofiltration, distillation, pervaporation, or Reverse Osmosis (RO)], as it can require a lower
energy input. This is largely because the driving force behind FO is an ability of a draw solution
to generate an internal osmotic pressure (1), which causes water in a feed solution to diffuse
naturally (without any applied pressure) across a membrane to the draw solution, forming a
dilute draw solution. A feed solution may comprise impure water, waste water, or an aqueous
solution comprising water and a variety of other components, while a draw solution comprises
an aqueous solution of a draw solute.

[0003] Many FO draw solutes have been developed, ranging from simple inorganic
salts to stimuli-responsive materials. Examples of such solutes include sodium chloride,
magnesium sulphate, switchable amine salts (e.g., trimethylammonium bicarbonate), and

ammonium bicarbonate. These solutes are considered effective because they can generate
-1 -
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large osmotic pressures and significant water flux values, where water flux is defined as the
rate at which water permeates the membrane during forward osmosis. There are drawbacks
to these draw agents, however, including high volatility, low odor thresholds, high reverse salt
flux, and/or a difficulty being removed from diluted draw solutions.

[0004] Certain switchable polymers, and their use as FO draw solutes and in FO
systems for the concentration of aqueous liquids are described in WO 2012/079175.

[0005] There is still a need in the art for a FO draw solute that offers effective osmotic
pressures and water flux rates, at least partially addresses some of the drawbacks experienced
with other solutes, and minimizes risk of contamination from the draw.

[0006] This section is intended to introduce various aspects of the art, which may be
associated with the present disclosure. This discussion is believed to assist in providing a
framework to facilitate a better understanding of particular aspects of the present disclosure.
Accordingly, it should be understood that this section should be read in this light, and not

necessarily as admissions of prior art.

SUMMARY
[0007] In an aspect, the present disclosure provides a process of forming a treated
switchable polymer, comprising:

providing a switchable polymer that is switchable between a first form
and a second form,
the switchable polymer comprising switchable moieties, each switchable moiety being
switchable between a neutral form associated with the first form of the switchable polymer, and
an ionized form associated with the second form of the switchable polymer,

the switchable polymer
0] having = 3 mmol switchable moieties per gram of switchable

polymer,
(ii) having a pK,,, of about 7 to about 14, and
(iii) being resistant to hydrolysis;
treating the switchable polymer to remove non-polymeric and/or oligomeric contaminants; and
forming a treated switchable polymer that is switchable between a third form and a fourth form,
the neutral form of each switchable moiety being associated with the third form of the treated
switchable polymer, and the ionized form of each switchable moiety being associated with the

fourth form of the treated switchable polymer,
-2.-
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the third form of the treated switchable polymer having a first osmotic pressure in aqueous
solution, and the fourth form of the treated switchable polymer having a second osmotic
pressure in aqueous solution , the ratio of the second osmotic pressure divided by the first
osmotic pressure being = 2

the treated switchable polymer

(iv) being substantially water soluble in the fourth form.

[0008] In an embodiment of the present disclosure, there is provided a process further
comprising preparing the switchable polymer by a controlled polymerization method.

[0009] In another embodiment, there is provided a process wherein the treated
switchable polymer has a number fraction of polymer below 1000 g/mol of < 0.5, or< 0.4, or <
0.3, or< 0.2, or < 0.1; or, a number fraction of polymer below 3500 g/mol of < 0.5, or< 0.4, or
<£0.3,0r<0.2, 0r<0.1.

[0010] In another embodiment, there is provided a process wherein treating the
switchable polymer comprises dialysis, precipitation, vacuum treatment, ultra-filtration, reverse
osmosis, washing with solvent, or any combination thereof.

[0011] In another embodiment, there is provided a process wherein the switchable polymer

has = 3 mmol, >5.5 mmol, about 3 mmol to about 24 mmol, about 3 mmol to about 23.3 mmol,

about 3 mmol to about 18 mmol, or about 5.5 mmol to about 24 mmol, or about 5.5 mmol to
about 23.3 mmol, or about 5.5 mmol to about 18 mmol of switchable moieties per gram of
switchable polymer

[0012] In another embodiment, there is provided a process wherein the switchable
polymer has a pK,,, of about 7.5 to about 14; or, about 8 to about 13; or, about 8 to about 12;
or, about 7 to about 10.

[0013] In another embodiment, there is provided a process wherein the treated
switchable polymer is substantially water soluble in the third form.

[0014] In another embodiment, there is provided a process wherein the switchable
polymer is resistant to hydrolysis by comprising non-hydrolysable moieties. In an embodiment,
a hydrolysable moiety includes acid chlorides carbonate esters, epoxides, orimines. In another
embodiment, a hydrolysable moiety includes esters, amidines, or guanidines.

[0015] In another embodiment, there is provided a process wherein the switchable

polymer is resistant to hydrolysis and does not comprise hydrolysable moieties. In an

-3-

SUBSTITUTE SHEET (RULE 26)



WO 2020/037432 PCT/CA2019/051166

embodiment, a hydrolysable moiety includes acid chlorides carbonate esters, epoxides, or
imines. In another embodiment, a hydrolysable moiety includes esters, amidines, or
guanidines.

[0016] In another embodiment, there is provided a process wherein the third form of
the treated switchable polymer has a viscosity in aqueous solution of about 1 cP to about 100
cP; or about 20 cp to about 100 cP. In another embodiment, there is provided a process
wherein the fourth form of the treated switchable polymer has a viscosity in aqueous solution
of about 1 cP to about 100 cP; or about 20 cP to about 100 cP.

[0017] In another embodiment, there is provided a process wherein the non-polymeric
contaminants comprise a solvent, a catalyst, an initiator, a monomer, a salt, a side-product, an
initiator residue, a crosslinker, a linking agent, or a combination thereof. In another
embodiment, there is provided a process wherein the oligomeric contaminants comprise
oligomers having a molecular weight of <10 000 g/mol; or, < 3500 g/mol; or, <1000 g/mol.
[0018] In another embodiment, there is provided a process wherein the controlled
polymerization method includes a controlled radical polymerization, a step-growth
polymerization, or an anionic polymerization.

[0019] In another embodiment, there is provided a process wherein the switchable
polymer switches to or is maintained in the second form when the switchable moieties are
exposed to CO , at an amount sufficient to maintain the switchable moieties in the ionized form,
and wherein the switchable polymer switches to or is maintained in the first form when CO2 is
removed or reduced to an amount insufficient to maintain the switchable moieties in the ionized
form. In another embodiment, there is provided a process wherein the treated switchable
polymer switches to or is maintained in the fourth form when the switchable moieties are
exposed to CO , at an amount sufficient to maintain the switchable moieties in the ionized form,
and wherein the treated switchable polymer switches to or is maintained in the third form when
COz2 is removed or reduced to an amount insufficient to maintain the switchable moieties in the
ionized form. In another embodiment, the CO2 is removed or reduced by exposing the fourth
form of the treated switchable polymer to reduced pressures, heat, agitation, and/or an inert
flushing gas.

[0020] In another embodiment, there is provided a process wherein the ratio of the second

osmotic pressure divided by the first osmotic pressure is = 2,2 6; or, is > 10; or, is about 15;

or, is = 15, or is ==16.
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[0021] In another embodiment, there is provided a process wherein the switchable polymer is
poly(N-methyl-N,N-diallylamine), poly(N,N-dimethylallylamine) (PDMAAmM),  poly(N,N-
dimethylvinylamine) (PDMVAmM), linear-poly(N-methylethylenimine) (I-PMEI), branched-PMEI
(b-PMEI), poly(N-methylpropenimine) (PMPI), poly(diallyimethylamine) (PDAMAmM), poly(N-[3-
(dimethylamino)propyl]-methacrylamide) (PDMAPMAM), reduced-poly(N,N-
dimethylaminopropyl methacrylamide) (red-PDMAPMAmM), poly(1,4-bis(dimethylamino)-2-
butene) also known as poly(dimethylmethylamine) (PDMMA), poly(N,N-di(N’,N’-
dimethylbutylamine)allylamine),  poly(N,N,N’,N'-tetramethyl-1 ,2-ethylenediamine),  poly(N-
methylbutyleneimine) (PMBI), Poly(tert-butylaminoethylamino methacrylate) (P(tBAEMA)),
Poly(N,N-(N",N’-dimethylaminopropyl)allylamine) (PDMAPAAmM), Poly(N,N,N’,N'-tetramethyl-
2-butene-1 ,4-diamine) (PTMBD), poly(vinylamine), poly(N-methylvinylamine), poly(N-
tertbutylallylamine)), poly(dimethylmethylamine) (PDMMA), N1,N 1'-(butane-1 ,4-diyl)bis(N 1-(3-
(dimethylamino)propyl)-N3,N3-dimethylpropane-1, 3-diamine) (DGEN1), NI1,N1',N1",N1"-
((Butane-1 ,4-diylbis(azanetriyl))tetrakis(propane-3,1-diyl))tetrakis(N1-(3
(dimethylamino)propyl)-N3,N3-dimethylpropane-1 ,3-diamine) (DGEN2), poly(N-R-allylamine)
wherein R is a bulky alkyl group, a polymer comprising bulky secondary or primary amines; or
a branched polymer thereof; or a copolymer thereof.
[0022] In another aspect of the present disclosure, there is provided a process of
forming a treated switchable polymer, comprising:
providing a switchable polymer that is switchable between a first form and a
second form,
the switchable polymer comprising switchable moieties, each switchable moiety
being switchable between a neutral form associated with the first form of the switchable
polymer, and an ionized form associated with the second form of the switchable
polymer,
the switchable polymer
0] having = 5.5 mmol of switchable moieties per gram of switchable
polymer,
(i) having a pK_ Hof about 7 to about 10, and
(iii) being resistant to hydrolysis;
treating the switchable polymer to remove non-polymeric and/or oligomeric

contaminants; and
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forming a treated switchable polymer that is switchable between a third form
and a fourth form,

the neutral form of each switchable moiety being associated with the third form
of the treated switchable polymer, and the ionized form of each switchable moiety being
associated with the fourth form of the treated switchable polymer,

the third form of the treated switchable polymer having a first osmotic pressure
in aqueous solution, and the fourth form of the treated switchable polymer having a
second osmotic pressure in aqueous solution, the ratio of the second osmotic pressure
divided by the first osmotic pressure being = 6 ,

the treated switchable polymer

(iv) being substantially water soluble in the third form and fourth
form , and
(v) having a number fraction of polymer below 1000 g/mol of < 0.3

or a number fraction of polymer below 3500 g/mol of < 0.3.
[0023] In an embodiment of the present disclosure, there is provided a process further
comprising preparing the switchable polymer by a controlled polymerization method.
[0024] In another embodiment, there is provided a process wherein the treated
switchable polymer has a number fraction of polymer below 1000 g/mol of < 0.2, or<0.1;0ra
number fraction of polymer below 3500 g/mol of < 0.2, or<0.1.
[0025] In another embodiment, there is provided a process wherein treating the
switchable polymer comprises dialysis, precipitation, vacuum treatment, ultra-filtration, reverse
osmosis, washing with solvent, or any combination thereof.
[0026] In another embodiment, there is provided a process wherein the switchable
polymer has about 5.5 mmol to about 18 mmol of switchable moieties per gram of switchable
polymer.
[0027] In another embodiment, there is provided a process wherein the switchable
polymer is resistant to hydrolysis by comprising non-hydrolysable moieties. In an embodiment,
a hydrolysable moiety includes acid chlorides carbonate esters, epoxides, orimines. In another
embodiment, a hydrolysable moiety includes esters, amidines, or guanidines.
[0028] In another embodiment, there is provided a process wherein the switchable
polymer is resistant to hydrolysis and does not comprise hydrolysable moieties. In an

embodiment, a hydrolysable moiety includes acid chlorides carbonate esters, epoxides, or
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imines. In another embodiment, a hydrolysable moiety includes esters, amidines, or
guanidines.

[0029] In another embodiment, there is provided a process wherein the third form of
the treated switchable polymer has a viscosity in aqueous solution of about 1cP to about 100
cP; or about 20 cP to about 100 cP. In another embodiment, there is provided a process
wherein the fourth form of the treated switchable polymer has a viscosity in aqueous solution
of about 1 cP to about 100 cP; or about 20 cP to about 100 cP.

[0030] In another embodiment, there is provided a process wherein the non-polymeric
contaminants comprise a solvent, a catalyst, an initiator, a monomer, a salt, a side-product, an
initiator residue, a crosslinker, a linking agent, or a combination thereof. In another
embodiment, there is provided a process wherein the oligomeric contaminants comprise
oligomers having a molecular weight of <10 000 g/mol; or, < 3500 g/mol; or, <1000 g/mol
[0031] In another embodiment, there is provided a process wherein the controlled
polymerization method includes a controlled radical polymerization, a step-growth
polymerization, or an anionic polymerization.

[0032] In another embodiment, there is provided a process wherein the switchable
polymer switches to or is maintained in the second form when the switchable moieties are
exposed to CO , at an amount sufficient to maintain the switchable moieties in the ionized form,
and wherein the switchable polymer switches to or is maintained in the first form when CO2 is
removed or reduced to an amount insufficient to maintain the switchable moieties in the ionized
form. In another embodiment, there is provided a process wherein the treated switchable
polymer switches to or is maintained in the fourth form when the switchable moieties are
exposed to CO2 at an amount sufficient to maintain the switchable moieties in the ionized form,
and wherein the treated switchable polymer switches to or is maintained in the third form when
CO2 is removed or reduced to an amount insufficient to maintain the switchable moieties in the
ionized form. In an embodiment, the CO , is removed or reduced by exposing the fourth form
of the treated switchable polymer to reduced pressures, heat, agitation, and/or an inert flushing
gas.

[0033] In another embodiment, there is provided a process wherein the ratio of the
second osmotic pressure divided by the first osmotic pressure is =2, >6, = 10; or, is about 15;
or, is > 15, or >16.

[0034] In another embodiment, there is provided a process wherein the switchable polymer is

poly(N-methyl-N,N-diallylamine), poly(N,N-dimethylallylamine) (PDMAAmM), poly(N,N-
-7-
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dimethylvinylamine) (PDMVAmM), linear-poly(N-methylethylenimine) (I-PMEI), branched-PMEI
(b-PMEI), poly(N-methylpropenimine) (PMPI), poly(diallylmethylamine) (PDAMAmM), poly(N-[3-
(dimethylamino)propyl]-methacrylamide) (PDMAPMAM), reduced-poly(N,N-
dimethylaminopropyl methacrylamide) (red-PDMAPMAM), poly(1 ,4-bis(dimethylamino)-2-
butene) also known as poly(dimethylmethylamine) (PDMMA), poly(N,N-di( N’,N’-
dimethylbutylamine)allylamine), poly(N,N,N’,N’-tetramethyl-1 ,2-ethylenediamine),  poly(N-
methylbutyleneimine) (PMBI), Poly(tert-butylaminoethylamino methacrylate) (P(tBAEMA)),
Poly(N,N-(N’,N’-dimethylaminopropyl)allylamine)  (PDMAPAAm), Poly(N,N,N’,N’-tetramethyl-
2-butene-1, 4-diamine) (PTMBD), poly(vinylamine), poly(N-methylvinylamine),  poly(N-
tertbutylallylamine)), poly(dimethylmethylamine) (PDMMA), N1,N 1'-(butane-1 ,4-diyl)bis(N1-(3-
(dimethylamino)propyl)-N3,N3-dimethylpropane-1 ,3-diamine) (DGEN1), NI1,N1,N1"N1"-
((Butane-1, 4-diylbis(azanetriyl))tetrakis(propane-3,1-diyl))tetrakis(N1 (3
(dimethylamino)propyl)-N3,N3-dimethylpropane-1 ,3-diamine) (DGEN2), poly(N-R-allylamine)
wherein R is a bulky alkyl group, a polymer comprising bulky secondary or primary amines; or
a branched polymer thereof; or a copolymer thereof.
[0035] In another aspect of the present disclosure, there is provided a use of a treated
switchable polymer as prepared by a process as described herein as a draw solute.
[0036] In another aspect of the present disclosure, there is provided a use of a treated
switchable polymer as prepared by a process as described herein in an aqueous draw solution.
[0037] In another aspect of the present disclosure, there is provided a use of a treated
switchable polymer as prepared by a process as described herein in a forward osmosis
system.
[0038] In another aspect of the present disclosure, there is provided a use of a treated
switchable polymer as prepared by a process as described herein as a draw solute in an
aqueous draw solution in a forward osmosis system.
[0039] In an embodiment of the present disclosure, there is provided a use in
processing a precursor consumable. In another embodiment, there is provided a use in
processing waste water or process water.
[0040] In another aspect of the present disclosure, there is provided a forward osmosis
system, comprising:

a first agueous draw solution having as a draw solute the treated switchable

polymer as formed by a process herein;
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at least one port to bring the first agueous draw solution in fluid communication
with a source of CO,to form a second aqueous draw solution having as a draw solute the
fourth form of the treated switchable polymer; and
at least one forward osmosis element, comprising
a semi-permeable membrane that is selectively permeable to water,
having a first side and a second side;
at least one port to bring a feed solution in fluid communication with the
first side of the membrane; and
at least one port to bring the second aqueous draw solution in fluid
communication with the second side of the membrane,
where water flows from the feed solution through the semi-permeable
membrane into the draw solution to form a concentrated feed solution and afirst diluted
draw solution.
[0041] In an embodiment of the present disclosure, there is provided a system wherein
the feed solution comprises a precursor consumable.
[0042] In another embodiment, there is provided a system wherein the precursor
consumable is a food product precursor, a dairy product precursor, a beverage product
precursor, a Syrup precursor, an extracts precursor, or a juice concentrate precursor.
[0043] In another embodiment, the beverage product precursor is a fruit juice, a beer,
awine, a tea, or a coffee. In another embodiment, the juice concentrate precursor is an orange
juice, a lemon juice, a lime juice, an apple juice, a grape juice, afig juice, or a sugar cane juice.
In another embodiment, the syrup precursor is a tree sap. In another embodiment, the tree sap
is @ maple tree sap. In another embodiment, the food product precursor is a whey, a nut milk,
or soup precursor, stock precursor, or broth precursor. In another embodiment, the dairy
product precursor is a milk. In another embodiment, the extracts precursor includes beans,
vanilla beans, seeds, roots, leaves, spices, fragrances, berries, coffee, tea, cannabis, hemp,
tobacco, vegetables, or seaweed.
[0044] In another embodiment, there is provided a system wherein the concentrated
feed solution comprises a concentrated or partially concentrated consumable. In another
embodiment, the consumable is a food product, a dairy product, a beverage product, a syrup,
an extract, or a juice concentrate. In another embodiment, the beverage product is a
concentrated or partially concentrated fruit juice, beer, wine, tea, or coffee. In another

embodiment, the juice concentrate is a concentrated or partially concentrated orange juice,
-9-
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lemon juice, lime juice, apple juice, grape juice, fig juice, or sugar cane juice. In another
embodiment, the syrup is a concentrated or partially concentrated tree sap or tree syrup. In
another embodiment, the tree sap is a maple sap or the tree syrup is a maple syrup. In another
embodiment, the food product is a concentrated or partially concentrated soup, stock, or broth.
In another embodiment, the dairy product is a condensed or partially condensed milk. In
another embodiment, the extract includes concentrated or partially concentrated extracts from
beans, vanilla beans, seeds, roots, leaves, spices, fragrances, berries, coffee, tea, cannabis,
hemp, tobacco, vegetables, or seaweed.
[0045] In another embodiment, there is provided a system wherein the feed solution is
a waste water or process water.
[0046] In another embodiment, there is provided a system further comprising a
regeneration system for regenerating the first aqueous draw solution, the regeneration system
comprising

at least one port to bring the first diluted draw solution in fluid communication
with a source of vacuum, heat, agitation, and/or inert flushing gas to form a second dilute draw
solution having as a draw solute the third form of the treated switchable polymer; and

at least one port to bring the second dilute draw solution in fluid communication
with a RO system, a nanofiltration system, an ultrafiltration system, a microfiltration system, a
dialysis system, a vacuum source, or a precipitation system to remove water from the second
dilute draw solution and to regenerate the first aqueous draw solution.
[0047] In another aspect of the present disclosure, there is provided a use of a herein
described forward osmosis system for concentrating or partially concentrating a precursor
consumable.
[0048] In an embodiment of the present disclosure, there is provided a use wherein
the precursor consumable is a food product precursor, a dairy product precursor, a beverage
product precursor, a syrup precursor, an extracts precursor, or a juice concentrate precursor.
In another embodiment, the beverage product precursor is a fruit juice, a beer, a wine, a tea,
or a coffee. In another embodiment, the juice concentrate precursor is an orange juice, a lemon
juice, a lime juice, an apple juice, a grape juice, a fig juice, or a sugar cane juice. In another
embodiment, the syrup precursor is a tree sap. In another embodiment, the tree sap is a maple
tree sap. In another embodiment, the food product precursor is a soup, stock, or broth

precursor. In another embodiment, the dairy product precursor is a milk. In another
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embodiment, the extracts precursor includes beans, vanilla beans, seeds, roots, leaves,
spices, fragrances, berries, coffee, tea, cannabis, hemp, tobacco, vegetables, or seaweed.
[0049] In another aspect of the present disclosure, there is provided a use of a herein
described forward osmosis system for concentrating or partially concentrating a waste water
or process water.
[0050] In an aspect, it is disclosed a forward osmosis system, comprising:
a draw solution comprising a switchable polymer switchable between a neutral form
and an ionized form, wherein
the neutral form is associated with a first osmotic pressure,
the ionized form is associated with a second osmotic pressure, and
the second osmotic pressure is higher than the first osmotic pressure;
and
a feed solution in fluid communication with the draw solution, the feed solution
comprising a feed solvent that is the same as the solvent of the draw solution, and the
feed solution being separated from the draw solution by a semipermeable membrane
that is selectively permeable to the solvent,
wherein at least a portion of the feed solvent permeates from the feed solution to the
draw solution when the polymer is in the ionized form to produce a concentrated feed
solution and a diluted draw solution,
wherein a ratio between the second osmotic pressure and the first osmotic pressure is
= 2,2 6, = 10, about 15, or = 15, or = 16.
[0051] In some embodiments, the switchable polymer is treated to remove impurities before
the draw solution is prepared.
[0052] In some embodiments, the impurities comprise a solvent, a catalyst, an initiator, a
monomer, a salt, a side-product, an initiator residue, a crosslinker, a linking agent, an
oligomeric contaminant, or a combination thereof.
[0053] In some embodiments, the switchable polymer is treated by dialysis, precipitation,
vacuum treatment, ultra-filtration, reverse osmosis, washing with solvent, or any combination
thereof.
[0054] In some embodiments, the forward osmosis system further comprises a first subsystem

for removing the concentrated feed solution.
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[[0055] |in some embodiments, ithe forward ©smosis :system further comprises @ Iregeneration
ssystem for switching the :switchable |polymer iin the diluted draw 'solution from the ionized form
to the jneutral form after removal of the concentrated feed 'solution 'such that @ Irestored ‘draw
ssolution is produced. lin .some embodiments, tthe Iregeneration isystem its further 'configured fto
switched from the jionized form to the ineutral form :such that a :second 'draw ‘solution iis
produced. in some embodiments, the removal of the solvent iis Iy filtration, IRO, |precipitation,
dialysis, vacuum treatment, wltrafiltration, decomposition, 'or:a combination thereof.

[0056] In some embodiments, the forward osmosis system further comprises a Irecycling
system for recycling at least a |portion of the second draw solution as the draw solution.
[0057] Iin some embodiments, the switchable polymer comprises switchable moieties, each of
the switchable moieties being switchable between a moiety neutral form associated with the

neutral form of the switchable polymer and a moiety ionized form associated with the iionized

mmol, >5.5 mmol, about 3 mmol to about 24 mmol, about 3 mmol to about 23.3 mmol, about
3 mmol to about 18 mmol, or about 5.5 mmol to about 24 mmol, or about 5.5 mmol to about
23.3 mmol, or about 5.5 mmol to about 18 mmol of the switchable moieties per gram of the
polymer.

[0058] In some embodiments, more than about 30%, more than about 50%, more than about

[0059] In some embodiments,, the switchable moieties comprises an amine group.

[0060] In some embodiments, switching from the moiety neutral form to the moiety ionized
form is effected by protonation of the:amine: group..

[0061] In some: embodiments,, switching| from the moiety ionized! form to the moiety neutral
form is effected| by deprotonation.,

[0062] In some: embodiments,, the protonation: is effectedl by exposingl the: switchable: moiety
to an ionizing trigger..

[0063]] Ini some: embodiments,, the: deprotonation: is effectedl by removall of the: ionizing) trigger..
[0064]| In some: embodiments,, the: removall of the: ionizing) trigger- is: effected! by subjecting! the!

diluted! draw' solution tor a source: of vacuum,, heat, agitation,, and/or-inert:flushing| gas..
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[[0065] jinssome embodiments, itheiionizing ttrigger iis(C02, (CS2, (COS, toréatcombination tthereof.

l[0066] IIn some embodiments, :@ rratio tbetween mitrogen @atoms ¢@and (carbon iatoms i the

switchable jpolymer jistbetween “1!5:and “1:3.

[[0067] |insome embodiments, fthe sswitchable ppolymer thas:atconcentration <50'wt. %, tbetween

about (0.5Wt. % o ;about '50wt. ‘%, Ibetween about i5'wt. '% tto '50'wt. ‘%, thetween iabout 5'wt. %

35w, %, lbetween @bout ‘10 wt. ‘% ito ;about :35wt. ‘%, Ibetween iabout ‘10 'wt. ‘% fto iabout 30'wt.
%, Ibetween @bout 10 wt. % and @about :25wt. ‘%, ©r loetween iabout ‘15 'wt. ‘% iand iabout 25 ‘wt.
% iin the draw solution.

[0068] Iin some embodiments, the solvent iis 'water.

(=S S

[0069] [in some embodiments, the iswitchable |polymer iis 'substantially Iresistant to lhydrolysis.

[0070] Iin some embodiments, the feed :solution iis ia food |product jprecursor, ‘which IMay lbe @

dairy product precursor, a |lbeverage jproduct pprecursor, a syrup [precursor, an extracts
precursor, a juice concentrate precursor, a whey, a inut milk, or soup precursor, stock
precursor, or broth precursor. In some embodiments, the beverage product |precursor iis a fruit

juice, a beer, awine, a tea, ora coffee. lin some embodiments, the juice concentrate [precursor

is an orange juice, a lemon juice, a lime juice, an apple juice, a grape juice, afig juice, a sugar

cane juice, or a combination thereof. In some embodiments, the syrup precursor is a tree sap,
for example, a maple tree sap. In some embodiments, the dairy product precursor is milk. If

some

embodiments, the extracts precursor includes beans, vanilla beans, seeds, roots,
leaves, spices, fragrances, berries, coffee, tea, cannabis, hemp, tobacco, vegetables, 6f

[0071] In some embodiments, , the feed solution is waste water, sea water, brackish water, 6f
industrial| aqueous solutions.. In some embodiments, , the industriall aqueous solutions &ré from
dyeing of fabrics,, pharmaceutical | processing,, biomass. conversion, , algae: growth,, agriculture, ,
fermentation, , nuclear- power' generation, , or geothermal | power generation. .

lignocellulose, , grass,, microalgae,, macroalgae,, bacteria,, bagasse,, stover,, agriculturall waste,,
compost,, or- manure.. Iy some: embodiments, , the: sugar- isi sucrose, , xylose,, glucose,, fructose,
hemicellulose, , inulin,, xylan,, chitin,, ar a.combination i thereof..

[0073]] Im somes embodiments, , the: feed! solutiom comprisess protein,, for example,, bio-

therapeutic ; protein,, food] protein,, monoclonal | antibody ' (MAb),, and/or “therapeutic : protein..
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[[0074] | @anzaspect, fthere jis disclosed @ fprocess ffor ftreating @ tswitchable fpolymer ‘switchable

ffirst ©smotic |pressure fiis jincreased , the jprocess «comprising ftreating tthe ‘switchable [polymer fto
iremove non-polymeric and/or (oligomeric contaminants.

[[0075] fin some (embodiments, ftreating fthe switchable |polymer (comprises (dialysis,
[precipitation, wvacuum itreatment, ultra-filtration, reverse osmosis, ‘washing 'with 'solvent, ©F @ny
combination ithereof.

[[0076]7 lin some .embodiments, the :switchable [polymer comprises 'switchable Imoieties, each of

form, :and :an jonized form .associated ‘with the second form wof the switchable lpolymer. Iin some
embodiments, the switchable polymer comprises = 3 mmol of the switchable moieties péer
gram of switchable_polymer. [in some embodiments, the switchable |polymer lhas about 3 mmol
to about 18 mmoal of switchable moieties per gram of switchable polymer.

[0077] In some embodiments, the switchable polymer has a pKaH of about 7 to about 14,
about 7.5 to about 14; or, about 8 to about 13; or, about 8 to about 12; or, about 7 to about 10.
[0078] In some embodiments, the switchable polymer is substantially resistant to hydrolysis.
In some embodiments, the switchable polymer is substantially free of hydrolysable moiety. For
example, (i) the hydrolysable moiety includes acid chlorides carbonate esters, epoxides, oF
imines; - or (ii) the hydrolysable moiety includes esters, amidines, . or guanidines. .

osmotic_ pressure is 3: 2, = 6; or, is 2= 10; or, is about 15; or, is 2= 15, or == 16.

[0080]7 In some_ embodiments, , the neutral | switchable polymer has a viscosity in aqueous"

an initiator, & monomer, | a salt,, a side-product, , an initiator 'residue, , a crosslinker, , a linking| agent, ,

or a combination | thereof., In, some: embodiments, , the: oligomeric : contaminants ; comprise :
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[[0083] jn some embodiments, tthe sswitchable gpolymer tswitches tto (or ifs tmaintained i tthe

imaintain {the switchable jpolymer iin ithe iionized fform, @and wherein tthe switchable fpolymer
switches {to ©rjis ymaintained jin fthe eutral fform \when fthe (CO2 iis fremoved ©tIreduced o @n
amount jinsufficient o jmaintain ithe sswitchable jpolymer iin ithe iionized fform.

[[0084] |tin some embodiments, fthe (CO2 iis removed worireduced Iby texposing fthe ffourth form ‘of
the ttreated switchable ppolymer fto reduced |pressures, theat, iagitation, and/or @hn iinert fflushing
gas.

[[0085] Iin @an aspect, there iis disclosed wse of @ polymer for forward iosmosis, 'wherein ‘the
lpol_ymer iis switchable |between ;a ineutral form ;associated 'with ia first osmotic |pressure iand @n
iionized form associated with :a second osmotic [pressure, @and i Iratio lbetween the 'second
©smotic |pressure and the first osmotic [pressure iis = 2, = 16, = '10, about ‘15, OF = 15, OF =
16.

[0086] In so

[0087] (in some embodiments, the polymer has a Mw iin the range of about 2 kDa to about 50
kDa, about 2 kDa to 45 kDa, about 2 kDa to 40 kDa, about 2 kDa to about 35 kDa, about 2
kDa to 35 Kda, about 2 kDa to about 30 kDa, about 2 kDa to about 25 kDa, about 2 kDa to
about 20 kDa, or about 2 kDa to about 15 kDa, about 2 kDa to about 10 kDa, about 2 kDa td

about 9 kDa, or about 4 kDa to about 9 kDa.

me embodiments, the polymer iis treated to remove iimpurities.

BRIEF DESCRIPTION OF THE DRAWINGS

[0088] Embodiments of the present disclosure will now be described, by Wway of
example only, with reference to the attached Figures.

[0089]: FIG. 1shows an example: FO and RO processes: of the: disclosure..

[0090]; FIG., 2 shows the: relationship: betweeni the: percentage: of protonation: and! the:
Wt%, concentration, of the: polymers; in aqueous: solutions,, and! the: numbers: are' pK_ values.
[0091]) FIG. 3 shows; an embodiment: of the: FO' system..

[0092]) FIG.. 4. shows; the, osmotic: pressures: of sucrose: solutions: ifl water,, measured|
by three: different:techniques:; (freezing) point. osmometry’ (FPO),, membrane: osmometry’ (MO),s
and| vapour-pressure : osmometry’ (VPO))..

[0093]] FIG.. 5 shows; the: GPC: of’ Poly(allyll ammoniumi chloride)) after 22! hours andl 94-
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[[0094] |FIG. 7 sshows ithe «dependence of lkinematic ‘'viscosity (o fthe iconcentration of
@aqueous solutions of the llinear IPDMAAm synthesized Iby fthe ‘synthesis ©of 'Scheme ‘4 lunder
air orr'iC02 at 25 “°C.

[0095] IFIG. 8 depicts :aimembrane wosmometer s lused lherein.

[0096] IFIG. 19 graphically depicts osmotic |pressures (of 20 wt.% lb-PEI, Ib-PMEI, I
IPMEI, ;and IPDMAAm solutions iin air iand 'CO2.

[0097] IFIG. 10 graphically depicts osmotic [pressures of lb-PMEI and I-PMEI it
various. ‘weight |percent lloadings.

[[oo98] IFIG. '11graphically depicts osmotic |pressures 'vs. concentration for aa') I-PMEI,
b) b-PMEI,  ¢) PDMAAmM, d) PMPI.

[0099] FIG. 12 shows the dependence of kinematic viscosity o the concentration of
aqueous solutions of PDMAAm under air or 'CO2 at 25 °C.

[00100] FIG. 13 shows the measured Trcoz (black lines, filled circles with dotted
trendline_ for PDMAAm, diamonds for I-PMEI) and the calculated concentration of bicarbonate
in the solution (line without symbols).

[00101] It should be noted that the figures are merely examples and no limitations on
the scope of the present disclosure are intended thereby. Further, the figures are generally not
drawn to scale, but are drafted for purposes of convenience and clarity in illustrating various

aspects of the disclosure.

DETAILED DESCRIPTION

[00102] Generally, | the present disclosure provides a process of forming a treated
switchable _ polymer, , comprising: " providing a switchable polymer that is switchable between a
first form and a second form, the switchable polymer comprising switchable moieties, . each
switchable : moiety ' being | switchable between i a neutral [ form associated | with1the first form of the:
switchable . polymer, , and an ionized | form associated | with: the: second | form of the' switchable

polymer, , the switchable : polymer *having | = 3 mmol | switchable ' moieties - per gram™ of switchable :
polymer, , having | a pK_, of about : 7' to about : 14, and| being| resistant :to hydrolysis; ; treating | the:
switchable : polymer * tor remove : non-polymeric : and/or * oligomeric : contaminants; ; and! forming | a
treated | switchable : polymer ' that: isi switchable : between | a third| form and! a fourth | form,, the:
neutral | form | of eachi switchable : moiety ' being| associated | withi the: third| form 1 of’ the' treated |
switchable  polymer, , and| the: ionized | form | of each | switchable : moiety ' being | associated |with!the:

fourth 1 form | of the: treated | switchable : polymer, , the: third | form | of the: treated | switchable : polymer
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lhaving i first osmotic jpressure iin :aqueous solution, @and fthe fourth form (of ithe treated
switchable |polymer lhaving :a :second osmotic |pressure iin iaqueous :solution ,, ‘the Iratio of 'the
second osmotic pressure divided lby the first osmotic jpressure lbeing =2, the ftreated 'switchable
[polymer [being substantially ‘water soluble iin the fourth form.

[00103] Generally, the jpresent disclosure ialso jprovides @ [process ©f forming @ treated
switchable |polymer, comprising: |providing :a switchable |polymer that iis 'switchable lbetween a
first form ;and a :second form, the switchable |polymer comprising 'switchable moieties, 'each
switchable polymer, and an iionized form associated with the second form of the switchable
polymer, the switchable polymer lhaving =5.5 mmol of switchable moieties |per gram of
switchable |polymer, lhaving a pK,Hof about 7 to about 10, and being resistant to hydrolysis;
treating the switchable polymer to remove non-polymeric and/or oligomeric contaminants; and
forming a treated switchable polymer that is switchable between a third form and a fourth form,
the neutral form of each switchable moiety being associated with the third form of the treated
switchable polymer, and the ionized form of each switchable moiety being associated with the
having a first osmotic pressure in aqueous solution, and the fourth form of the treated
switchable polymer having a second osmotic pressure in aqueous solution, the ratio of the
second osmotic pressure divided by the first osmotic pressure being > 6 , the treated
switchable polymer being substantially water soluble in the third form and fourth form, and
having a number fraction of polymer below 1000 g/mol of < 0.3 or a number fraction of polymer
below 3500 g/mol of < 0.3.

[00104] Generally, the present disclosure also provides use of a treated switchable
polymer, as prepared by a process as described herein, as a draw solute, in an aqueous draw
solution; in a forward osmosis system; or as a draw solute in an aqueous. draw solution in a
forward osmosis. system.,

[00105]| Generally, the present disclosure: also provides a forwardl osmosis system,
comprising:: a first: aqueous. draw solution; having as a draw solute: the treated switchable:
polymer-as formed| by a process: as described! herein;, at least one: portto bringi the:first. aqueous:
draw' solution; in fluid communication; withi a source: of CO; to formi a second aqueous draw
solution, having| as a draw solute: the: fourth: form: of the: treated| switchable: polymer;; and at least
one: forward! osmosis; element,, comprising| a semi-permeable: membrane: that isi selectively’

permeable: to water,, having a first: side: and a secondl side; at least: one: port: to bring a feed!
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tbring the second :aqueous (draw ssolution iin fluid communication ‘with fthe ‘second side oftthe
imembrane, where water fflows ffrom ithe ffeed ssolution {through tthe ssemi—permeable 'membrane
iinto{the draw solution ttoiform @aconcentrated ffeed ssolution iand :affirst iluted (draw fsolution.
[[00106] ‘The |present disclosure ialso jprovides i@ forward ©osmosis ‘system further
comprising @ regeneration system ffor iregenerating fthe ffirst iaqueous draw 'solution, fthe
Iregeneration system comprising it lleast one jport tto loring tthe first diluted «raw ‘solution i fluid
communication with @ source of vacuum, theat, «agitation, iand/or iinert flushing gas to fform @
second dilute draw solution |having ias :a draw solute the third form wof the treated ‘switchabie
[polymer; and :at least one |port to lbring tthe :second dilute draw :solution iin fluid communication
imicrofiltration system, a dialysis :system, @ vacuum :source, iand i@ |precipitation 'system fto
remove water from the second dilute draw solution and to regenerate the first aqueous draw
[00107] Generally, the jpresent disclosure also [provides luse of a forward osmosis
system as described herein for concentrating or partially concentrating a [precursor
consumable. Generally, the present disclosure also provides use of a forward osmosis system
as described herein for concentrating or partially concentrating a wastewater of process water.
[00108] Definitions

[00109] Unless defined otherwise, all technicall and scientific terms used herein have
the same meaning as commonly understood by one of ordinary skill in the art to which this
invention. belongs.

[00110], As used in the specification and claims, the singular forms “a’, “an” and ‘the”

si unless; the: context: clearly dictates: otherwise..

[00111] The: term; “comprising” as used herein will be: understood! to mean that: the: list
following) is non-exhaustive: and may' or may not include: any other additionall suitable: items, for
example: ane: or mare: further feature(s),, component(s): and/or ingredient(s)' as appropriate..
[001]32]| As used| herein,, the: termi “unsubstituted”’ refers; to any’ openi valence: of @ atom!
beingy occupied| by hydrogen.. Also,, iff an occupant: of* an openi valence: position oA an atom! i$
nat: specified| then; it: is; hydrogen..

[00113]] As, used| herein,, “substituted”’ or “functionalized”” meansi having| one: 6" More

substituentt moieties; presentt thatt either- facilitates; or improves; desired! reactionss and/or’
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functions of the invention, or does not impede desired reactions and/or functions of the
invention. A “substituent” is an atom or group of bonded atoms that can be considered to have
replaced one or more hydrogen atoms attached to a parent molecular entity. Examples of
substituents include alkyl, alkenyl, alkynyl, aryl, aryl-halide, heteroaryl, cyclyl (non-aromatic
ring), Si(alkyl ;, Si(alkoxy)3, halo, alkoxyl, amino, amide, hydroxyl, thioether, alkylcarbonyl,
carbonate, aminocarbonyl, alkylthiocarbonyl, phosphate, phosphonato, phosphinato, cyano,
acylamino, sulfhydryl, alkylthio, arylthio, thiocarboxylate, dithiocarboxylate, sulfate, sulfato,
sulfamoyl, sulfonamide, nitro, nitrile, azido, heterocyclyl, ether, silicon-containing moieties,
thioester, or a combination thereof.

[00114] As used herein, “alkyl” refers to a linear, branched or cyclic, saturated
hydrocarbon, which consists solely of single-bonded carbon and hydrogen atoms, which can
be unsubstituted or is optionally substituted with one or more substituents; for example, a
methyl or ethyl group. Examples of saturated straight or branched chain alkyl groups include,
but are not limited to, methyl, ethyl, 1-propyl, 2-propyl, 1-butyl, 2-butyl, 2-methyl-1 -propyl, 2-
methyl-2-propyl, 1-pentyl, 2-pentyl, 3-pentyl, 2-methyl-1 -butyl, 3-methyl-1 -butyl, 2-methyl-3-
butyl, 2,2-dimethyl-1 -propyl, 1-hexyl, 2-hexyl, 3-hexyl, 2-methyl- 1-pentyl, 3-methyl-1 -pentyl, 4-
methyl-1 -pentyl, 2-methyl-2-pentyl, 3-methyl-2-pentyl, 4-methyl-2-pentyl, 2,2-dimethyl-1 -butyl,
3,3-dimethyl-1-butyl and 2-ethyl-1 -butyl, 1-heptyl and 1-octyl. As used herein the term “alkyl”
encompasses cyclic alkyls, or cycloalkyl groups. As used herein, “cycloalkyl” refers to a non-
aromatic, saturated monocyclic, bicyclic ortricyclic hydrocarbon ring system containing at least
3 carbon atoms. Examples of C3-Cn cycloalkyl groups include, but are not limited to,
cyclopropyl, cyclobutyl, cyclopentyl, cyclohexyl, cycloheptyl, cyclooctyl, norbornyl, adamantyl,
bicyclo[2.2.2]oct-2-enyl, and bicyclo[2.2.2]octyl.

[00115] As used herein, the term “polymer” or “polymeric amine” means a molecule of
various high relative molecular mass, the structure of which essentially comprises multiple
repetition of units derived from molecules of low relative molecular mass. As used herein, the
term “oligomer” means a molecule of intermediate relative molecular mass, the structure of
which essentially comprises a small plurality of units derived from molecules of low relative
molecular mass. A molecule can be regarded as having a high relative molecular mass if the
addition or removal of one or a few of the units has a negligible effect on the molecular

properties. A molecule can be regarded as having an intermediate relative molecular mass if

it has molecular properties which do vary significantly with the removal of one or a few of the
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l[00116] /As wsed therein, ithe tterm “copolymer” rrefers tto ia [polymer, @&s efined ‘@bove,
(com_posed ©of @ne arimore sstructurally (different imonomeric frrepeat tunits.
[[00117] As wsed |herein, “D’ or “dispersity” ((also «called “PDI” ©of “polydispersity lindex")
rrefers ttojis ;a)measure of the distribution ©fimolecular imass iin agiven jpolymer ‘sample. D {(PDI)
of @ polymer jis calculated tby:

IPDI=IM,, / IM,,
where M, jis the weight :average imolecular weight and IM,, iis the Inumber ‘average imolecular
weight. |M, iis imore sensitive to imolecules ©f llow imolecular imass, while IM;, I5s ore 'sensitive
molecular masses iin @ [batch of polymers. ‘D or IPDI |has i@ value iequal to ©F \greater than 1. As
the {pol_ymer chains approach uniform chain llength, [PDI approaches unity.
L[OOl ‘_131 As used herein, “number fraction of polymer below X g/mol” Irefers to the fraction
of the total polymer chains having molecular weight lbelow X g/mol; for example, lbelow 1000
g/mol, or below 3500 g/mol.

[00119] As used herein, “controlled polymerization method” refers to a method of

ne or more monomers to produce polymer chains with a narrow molecular

polymerizing
weight distribution, and for which most of the polymer chains are able to add additional
monomer units.

[00120] As used herein, the term “non-polymeric” refers to compounds 6f contaminants
that are not a polymer or oligomer as defined above, or are not polymeric ofF oIigomeri'c in

nature; for example, small molecules such as catalysts, initiators, monomers, solvents, etc..

[00121], As used, herein, the term “contaminant” refers to a compound. or one or more
non-polymeric: compounds; or oligomers: that. are: intended! to be removed! fromi a mixture: 6
[00122]) As used herein, “switched” means that the: physicall properties,, and! in particular
the: ianic strength, ar asmotic: pressure,, have: beeni modified.. “Switchable™ refersi to being) able:
to be: converted] framy a first; form) with) a first: set: of’ physicall properties,, e.g., a first: state: of &
given, ignic; strength/osmotic; pressure,, to a second| formi withi a secondl set. of physi'call

thexfirsttstate.. Ittshouldi be: understood,,for-the: purposes; of thisi disclosure, , thattany’ switchithatt
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can be induced by CO, may also in most cases be induced by COS, CS2, a combination
thereof, or a mixture of CO, with any one of, or both of, COS and CS2.

[00123] As used herein, “switchable polymer" or “treated switchable polymer” refers to
a polymer comprising at least one functional group that is sufficiently basic that, when it is in
the presence of an aqueous solution and an ionizing trigger such as CO2 (which forms carbonic
acid), it becomes protonated. Non-limiting examples of such functional groups comprise
amines. The switchable polymer or treated switchable polymer may be linear, branched, or
dendrimeric. It may be a mixture of molecular weights. It may be a physical mixture of
polymers, such as, for example, a mixture of a polymer of one kind of repeat unit, and a polymer
of a different kind of repeat unit. When an aqueous solution that includes such a switchable
polymer is subjected to an ionizing trigger, such as CO,, the additive reversibly switches
between two states, a non-ionized state where the functional group is charge-neutral (e.qg.
amine nitrogen is trivalent and is uncharged), and an ionized state where the functional group
is charged (e.g. amine nitrogen is protonated making it a positively charged nitrogen atom). In
some cases, the positive charge may be delocalized over more than one atom. For
convenience herein, the uncharged or non-ionic form of the switchable polymer is generally
not specified, whereas the ionic form is generally specified. The terms “ionized”, “ionic”, or
“carbonated” as used herein when identifying a form of the switchable polymer merely refer to
the protonated or charged state of the functional group (e.g. amine nitrogen). For example, in
some examples, the switchable polymer Includes other groups that are ionized when the
switchable moiety (e.g. amine nitrogen(s)) is in the uncharged or non-ionic form. As used
herein, 'in the presence of CO,' refers to CO, being used as a trigger at a partial pressure that
is 2 0.1 bar (e.g., higher than the partial pressure of CO, present in air).

[00124] As used herein, “treated switchable polymer” refers to a switchable polymer that
has undergone a treatment step to remove non-polymeric and/or oligomeric contaminants.
Such contaminants may include, but are not limited to monomer(s), initiator(s), initiator
residues, oligomer(s), solvent(s) (other than water), catalyst(s), salt(s), and reaction residues
or by-products.The treatment step includes, for example, dialysis, precipitation, vacuum
treatment, ultra-filtration, reverse osmosis, washing with solvent, or any combination thereof.
Counting all molecules in the treated switchable polymer - other than water, hydroxide anion,
bicarbonate anion, carbonate anion, sulfur-containing analogs of bicarbonate anion, sulfur-
containing analogs of carbonate anion, hydronium cation, or dissolved gases - the mole % of

remaining contaminants after the treatment step may be no greater than 60% and preferably
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imay tbe no (greater f{than [30%. Alternatively, fthe 'weight [percent (wt ‘%, tof lremai'ni'ng

contaminants _ @fter {the ftreatment step imay lbe < 1wt ‘%, ©r :<(0.2 'wt ‘%.

[[00125] As wsed jherein, “switchable moiety” Irefers tto ia IN-containing ffunctional (group
{that exists iinafirst form, such s ;aneutral form, at:affirst |partial jpressure of @ trigger, ‘such @%
1gq>_21_(i.e., <(0.1 |bar), iinithe [presence of'water (orother iagueous !solutions; iand exists iina‘second’
fform, such @as@anijionized form, jinithe |presence wofwater (orriother iaqueous 'solutions @ta‘second
lpartial [pressure (of tthe ftrigger, such ;asCO2((i.e., =10.1 Ibar; ffor example, |higher fthan fthe Iparti‘aIA
[pressure of CO2 present jin air), that iis lhigher than the first |partial |pressure. This term also
iin place of CO2.

|_[001261 As would |be readily appreciated by a skilled |person iin the iart, 'since few
_protonation reactions proceed to completion, when a switchable polymer iis referred to herein
as being “protonated” or “ionized” jit means that all, or a majority, ot less than a majority of the
switchable moieties of the polymer are protonated. For example, more than about 30%, OF
more than about 50%, or more than about 75%, or more than about 90%, 0f M6reé than about
95%, or about 95% of the switchable moieties are protonated or ionized by carbonic acid. As
would_ be further appreciated by a skilled person in the art, a switchable polymer is considered
ionized when the % protonation is sufficient to cause a switch in ionic strength / osmotic

pressure.

[00127] As used herein, the term *“a basic nitrogen” or “a nitrogen that is sufficiently

basic : to be protonated | by carbonic racid”' is used| to denote : a nitrogen | atom that has. & ione: pai}‘
of electrons _ available . and| susceptible :to protonation. . Although | carbonic :acid (CO2: in aqueous™
solution) s mentioned, , such & nitrogen |would ' also: be: protonated | by CS2 or COS ' in ai aqueous™
solution. . This, term is. intended | to denote - the: nitrogen’s . basicity and it is. not. meant : t& imply
which  of the: three : trigger "gases i (CO ,, CS2,or COS) i isi used..

[00128]] As used| herein, , a “trigger” ' or “ionizing | trigger” ' isi a change ' of conditions : (e.g.,,
introduction ; ar removal | of a gas,, change ! in temperature, , etc.)) that: causes’ a change ' ifl the!
physical | properties, , e.g.,, ionic strength/osmotic : pressure. . The: term “reversible” ' means™ that:
the. reaction ) can) proceed | in either - direction | (backward | or forward) | depending | o the: reaction |
[00129]) “Carbonated | water”’ means; am aqueous ; solution | im which1 CO2 has: been!

dissolved | att a partial | pressure : that! is; higher - than the: partial | pressure ! of CO2; present ! iifl air..

-22-

SUBSTITUTE SHEET (RULE 26)



WO 2020/037432 PCT/CA2019/051166

“CO2 saturated \water” imeans @n @aqueous ssolution iin‘which (Co2iis (dissolved fto @maximum
extent ataparticular ftemperature @nd @fparticular fpartial fpressure ©f(CO 5

[[002:30] As used therein, “agas fthat thassubstantially fnotcarbon (dioxide” @réh “inertgas’
©r @an “inert fflushing gas” rrefers {to i@ gas tthat thas iinsufficient {CO2 (@ (other iion'iz'ing 1tr'igger
content tojinterfere with the removal ©f(CO2orother iionzing ttrigger tfrom tthe ‘solution. fForSome
:applications, airimay tbe@agas ithat Ihas substantially ino (CO 2(omotheriionizing ftrigger. WUntreated
air ymay be successfully employed, ii.e., iair iin 'which fthe ICO2 tcontent ifs lunaltered; 'this 'would
jprovide @ cost :saving. IFor iinstance, :air imay lbe @ gas fthat Ihas 'substantially Mo (CO 3 lbecause
iin some (circumstances, the ;approximately 0.04% lby volume (of ICO2 |present i iair ifs linsufficient
from a solution and cause switching. :Similarly, “a gas tthat lhas 'substantially 7o 'CO , 'CS2 ©F
COS” |has iinsufficient CO2, €S2 or COS content to iinterfere with the iremoval ©f 'C0 3, 'CS2 ©F
COS from the solution.

[00131] As used herein, “ionic” means icontaining or iinvolving o occurring iin the form of
positively or negatively charged ions, i.e., charged moieties. “Nonionic” OF “neutral® TMéans
comprising substantially of molecules with no formal charges. Nonionic does not imply that
there are no ions of any kind, but rather that a substantial amount of basic nitrogens aré in an
unprotonated or neutral state. “Salts” as used herein are compounds with "6 net charge

[00132] "lonic strength" of a solution is a measure of the concentration of ions in the

solution.. lonic compounds (i.e., salts), which dissolve in water will dissociate into ions,
increasing  the: ionic: strength of a solution.. The totall concentration 1 of dissolved ions:ifi & solution!
willl affect. important: properties. of the solution: suchi as the dissociation | or solubility of different:
compounds. . The: ionic: strength,, /', of a solutioni is: a function: of the: concentration | of alll ions

present: in the: solution; and| isi typically - giveni by the: equation! (A),

o
1 R c:z:
2 2% (A)

im which ¢ is; the: molar- concentration 1 of iom i inl mol/dm 2, z: is the! charge! number " of that: iont
andithe: sum) is;taken) over-alllions; dissolved in the: solution. . It non-ideal | solutions, , volumes  &/é

nott additive» suchi thatt itt is; preferable s toy calculate : ther ionic: strength 1 im termss of molality ' (mol/kg)

H20),, suchthatt ionic; strengthi cam be: givem by’ equation (B),,

-23-

SUBSTITUTE SHEET (RULE 26)



WO 2020/037432 PCT/CA2019/051166

24 ‘ \
- ] <<B!)

in ‘which im jis the imolality «of jion iiiin imol/kg [H20, iand :z iis ‘as defined for lequation (A).

[[001:33] ‘The term “wastewater” means ‘water that lhas lbeen lused lby @a domestic ‘ofr
industrial activity and therefore now iincludes ‘waste |products. However, the fterm “waste’ iis Inot
intended to jimply that the water «or product has ino value.

[001 34] As used |herein, a switchable polymer lbeing “resistant to lhydrolysis” Irefers to a
switchable polymer having a chemical structure or.comprising chemical bonds that are unlikely
to |hydrolyze wnder standard conditions for hydrolysis. lin :some embodiments, a switchable
polymer having such a chemical structure, or comprising such chemical bonds is a |[polymer
that does not comprise a lhydrolysable moiety such as, but inot limited to, acid chlorides,
carbonate esters, epoxides, or imines. In other embodiments, a switchable polymer having
such a chemical structure, or comprising :such chemical bonds iis a polymer that does not
comprise a hydrolysable moiety such as, but not limited to, esters, amidines, or guanidines.
[001 35] As used herein, a “precursor consumable” or ‘precursor” refers to a dilute
consumable that has yet to be concentrated or partially concentrated by forward osmosis to
form a target concentrated or partially concentrated consumable product. As used herein
“consumable” refers to substance such as a concentrated or partially concentrated liquid, such
as but not limited to liquid mixtures, solutions, emulsions, liquid/solid mixtures, foams, and/or
suspensions, that may be used, ingested, or otherwise consumed by flora orfauna, including
mammals such as humans, or can serve as an ingredient or additive in a material that may be

used,, ingested, or otherwise consumed by flora orfauna,, including mammals such as humans..

[001 36] As used herein, ‘pK_,’ refers to the negative log(base 10) of the dissociation
constant (K,) of the conjugate acid of a switchable moiety (e.g., an amine)..

[001 37] As used herein,, ‘cP’ refers to centipoise,, a measurement unit of viscosity..

[001 38] Switchable Polymers

[001 39] A switchable polymer is a polymer comprising a switchable moiety, e.g., an

amine group, which is sufficiently basic to be protonated when in the presence of an aqueous
solution; and! an ionizing trigger., The: aqueous: solutioni may’ refer to pure: water,, or any’ aqueous:

solution.. The: ionizing| trigger- may' ber C0O2, COS, or CS2, or a combinationi thereof.. In
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embodiments, tthe switchable ppolymer (contains (one tor rmore sswitchable 'moieties iih the
,repeating wnitofithe polymer. [ineembodiments, tthe one wrtmore sswitchable moieties &@re ‘within
{the tbackbone (ofithe ypolymer. Itncther e€embodiments, ©ne (ortmore sswitchable Imoieties @re i@
;pendant @roup {that jis jpart of ithe repeating wnit, tbut tthat iis Inot ‘situated @long tthe tbackbone (of
ithe jpolymer.

l[001.40_] '‘When @n;aqueous ssolution fthat iincludes such ia‘switchable jpolymer irsfsu'b'jected
fto @ trigger, ithe jpolymer reversibly switches Ibetween ftwo fforms, @ Inon-ionic ©F Ineutral form
where tthe switchable imoiety iis wncharged/neutral ((e.g. amine Initrogen i ftrivalent ‘and i
uncharged), :and @niionic form where fthe :switchable imoiety iis |protonated ©ftiionized (e.g. iamine
initrogen jis @ 4-coordinate |positively charged Initrogen atom). IExposing ‘the ‘switchable Ipo'Iymer
o aniionizing trigger, such :as (CO2, :switches ‘the jpolymer 'toian iionic form where ‘the 'switchable

moiety jig protonated or iionized; and exposing the iionized form of the ‘switchable polymer to

deprotonation of the switchable moiety, returning the |polymer to iits Inon-ionic ©F neutral form
where the switchable moiety is uncharged/neutral. For example, the following scheme shows

the protonation and deprotonation of poly(N,N-dimethylvinylamine) (PDMVAm):

H,0, CO,
N o= = n
A °
N NH  HCO
PN P 3
Scheme 1
[00141]] Accordingly, , the: ionized| switchable: moiety has a negatively charged' counter

ion that is associated | with, it in solution,, the: nature: of whichi depends: on the ionizing! trigger’

aqueous; solutions; without : the: ionic: form) of the: switchable : polymer- present.. I embodiments, ,

the: switchable:: polymer- is; at: least: partially or fully’ water-soluble ! in bothi itsi neutral/non-ionic :

frami the: aqueous; solution,, as; compared Ito itsi ionic: counterpart. .
[00142]] Im embodiments, , the: switchable: polymer " iss & polymeric: amine,, wherein! the?

switchable » moiety ris; am amine: group,, andi the: ionizingj trigger *isi CO2.. Addition of CO2: att 1 bar,,
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for example, llowers the pH (of «an :aqueous |phase. Pure ‘water, lhaving i IpH ©f 7 @t foom
temperature, |has jits jpH llowered ito :3.9 'when exposed fto ‘1 lbar ‘of {CO ;, ffor llong tenough for
€quilibrium o lbe reached. A :solution (of ian iamine («r |polymeric iamine iih ‘water it room
temperature ‘would fhave ia jpiH lhigher tthan 7 Ibefore exposure fto "1lbar tof ICO2,and @ lpH 'that ifs
llower than the starting |pH :and yet greater ‘than ‘3.9 after such exposure. ‘Such |Iower'ing of the
PiH by CO2 iis sufficient to jprotonate anamine group lhaving @ jpkk Hof 7.2-10, orr & plk ;Hof 7-12
[A. K. Alshamrani, J. R.Vanderveen and IP. G. Jessop, Phys. Chem. Chem. Phys., 2016, 18,
19276-19288],

[00143] lin .embodiments, the switchable |polymer iis @ switchable [polymer lhaving @
chemical structure, or comprising chemical 'bonds ‘that do 'not comprise a hydrolysable moiety
functional groups known by a skilled person iin the art to decompose or hydrolyze in water. In
other embodiments, the switchable polymer is a switchable polymer having a chemical
structure, or comprising chemical bonds that do not comprise a hydrolysable moiety such as,
but not llimited to, esters, amidines, or guanidines

[00144] In some embodiments, the switchable polymer is poly(N,N-dimethylallylamine)
(PDMAAM), poly(N,N-dimethylvinylamine) (PDMVAm), linear-poly(N-methylethylenimine) (I-
PMEI), branched-PMEI (b-PMEI), poly(N-methylpropenimine) (PMPI), poly(N-methyl-N,N-
diallylamine), (PDAMAm), poly(N-[3-(dimethylamino)propyl]-methacrylamide) (PDMAPMAmM),
poly(1 ,4-bis(dimethylamino)-2-butene) also known as poly(dimethylmethylamine) (PDMMA),
poly(N,N-di(N’,N’-dimethylbutylamine)allylamine), poly(N,N,N’,N’-tetramethyl-1,2-

ethylenediamine),, poly(N-methylbutyleneimine), , poly(N-R-allylamine) ' (where' R i a bulky alkyll
substituents. an the' N atom and/or the: bulk of the polymeric: chain itself is sufficient. to largely
prevent formation. of carbamate: salt or carbamic: acid groups. from a substantiall proportion. of
the amine groups. (e.g., poly(vinylamine), poly(N-methylvinylamine),, and poly(N-
tertbutylallylamine)),, or a copolymer' thereof, or a branched! version thereof.. In somie:
embodiments,, the: polymer: has; a Mw' ini the: range: of about: 2 kDal to about: 50 kDa,, about: 2
kDai to 45 kDa,, about: 2 kDa: to 40 kDa,, about; 2 kDa: to about: 35 kDa,, about: 2 kDal to' 35 Kda,
about: 2 kDa to about; 30 kDa,, about; 2 kDa: tor about; 25 kDa,, about: 2 kDal tor about: 20 kDa, 6f
about: 2 kDa to about: 151 kDa,, about; 2 kDai to about: 101 kDa,, about: 2 kDal to about: 9 kDa,, about:
4. kDa to about; 9 kDa..

[00145]] Forwardl Osmosis;
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[[00146] Typical imethods for |processing iaqueous ‘solutions ((e.g., Ipurifying,

concentrating, etc.) iinclude distillation :and wother thermal wevaporative Imethods, IFEverse

due to lhigh energy costs associated ‘with Iboiling water. IFurther, lhigh temperatures required for
distillation or other thermal evaporative imethods llimit iits applications; for iinstance, with food
[processing (e.g., providing juice concentrates), because lhigh temperatures denature jproteins
and other naturally occurring lbiomolecules, reducing the nutritional ‘content ‘and negatively
affecting taste. Reverse osmosis (RO) is among the most common methods for |processing
aqueous solutions, where an aqueous solution iis forced through a semipermeable membrane,
producing pure water and a concentrated solution. IRO iis effective lbut requires 'use of high
pressures; for example, pressures greater than 50 bar, or greater than 200 bar may beé
required, depending on the aqueous solution to be processed [T. S. Chung, S. Zhang, K. Y.
Wang, J. Su and M. M. Ling, Desalination, 2012, 287, 78-81; A. Altaee, G. Zaragoza and H.
R. van Tonningen, Desalination, 2014, 336, 50-57].

[00147] Forward osmosis (FO) is an alternative filtration process that relies on water
flowing in an energetically preferred direction, from a region of low solute concentration to a

region of high solute concentration. Instead of applying external pressure, “draw solutes” are
The ability of a draw agent to perform osmosis is characterized by the osmotic pressure it
exerts at a given concentration in water. Osmotic pressure is defined as the minimum pressure
applied to a solution, which will prevent water from passing through a membrane in the
energetically preferred direction and is, as a rough approximation,. proportional to the number
of solute species in solution. In practice, an observed osmotic pressure can deviate
of hydrophilic. and/or hygroscopic materials.. Such. materials tend to increase the observed
osmoatic: pressure above that whichiwould be expected based! upon merely the number of solute
be referred to as a swelling| pressure.. Inf FO, a feed solution,, suchi as wastewater,, is placed!
opposite: a draw solution separated! by a membrane.. Water willl flow, withi no externall pressure:
applied, from the: side: with; a lower osmotic: pressure: (feedl solution): to the: side withi the: higher
osmatic: pressure: (draw solution). The: draw solute: is theni removed or isolated as a

concentrated| solution; {e.g., by filtration, RO, precipitation,, dialysis, vacuum treatment,
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wltrafiltration, decomposition, tc.), lleaving water [[T.{S.(Chung, {S.:Zhang, IK."Y .\Wang, \J.'S{
and [M. M. ILing, Desalination, :2012, :287, 78-81], IMany draw ‘solutes ffor fFO thave tbeen ftested,
,ranging ffrom simple jinorganic ssalts ito thighly «esigned sstimuli-responsive 'materials, fto

imagnetic jnanoparticles. tHowever, while some «current sstate-of-the-art (organic ‘drawsolutes ©an

@approaches.
|_[00148] :Switchable |Polymers :as IForward '‘Osmosis IDraw ‘Solutes
;_[001491 Jessop et al. first described wuse of switchable IN-containing ‘salts a5 draw solutes

IPCT/CA2011/050075, 2011, which iis fincorporated |herein iin iits entirety], and 'continued their
work focusing on switchable polymers as draw solutes for forward osmosis [Jessop, P. G. &t
al, International Patent application PCT/CA201 1/050777, 201 1, which is incorporated herein
in its entirety].

[00150] Since this early work, others have described the use of switchable N-containing
salts or switchable polymers as draw solutes in forward osmosis systems. For exampl'e,
switchable trimethylamine (TMA), a volatile amine, is currently employed as a draw soiute if &
process being developed by Forward Water Technologies [Holland, A. M. et al., International
Patent application PCT/CA20 15/050908, 2015, which is incorporated herein ifi its entirety].
Bicarbonate - salts. of liquid amines. have been used in FO systems: (Stone, M. L.; Rae, C.;

Stewart,, F, F.; Wilson, A, D, Switchable: polarity solvents. as draw solutes. for forward' osmosis..

2013, 431, 205-21|1; Wilson,, A. D.; Stewart,, F. F. Structure-function! study’ of tertiary’ amines:
as switchable: polarity' solvents.. RSC:Advances: 2014, 4, 11039-1/11049; Reimund, 2016) where!
use: of the: amines; enabled| the: draw' solute: to be: separated| fromi dilute! draw’ solutions: ('i‘nl the:

P

farmy  of a liquid)) whemy CO2, wasi removed.. Polymers,, suchi  &as poly[2-
(dimethylamino)ethylmethacrylate] | (PDMAEMA),, have: beeni used! as cO2: and! thermall dual--
responsive; polymers., For-example,, Cai, Y.; Shen,, W.;; Wang,, R.;; Krantz,, W', B.;; Fane, A.;; Hu,
X.. Duall responsive: polymers; as; draw' solutes; for' forward! osmosis; desalination.. Chem..
Cammun.,2013,,49,,8377-8379) usedi PDMAEMA\with ailow'molecular ‘weight,, asadraw’solute?

far- FQ)desalination. , The: neutrallform offthe: polymer-wass water"soluble: below/40°C> (fhe* lower”
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critical solution temperature, LCST) and water-insoluble above the LCST, such that the
polymer could be removed by precipitation by changing the temperature conditions of the
system. However, PDMAEMA lacks hydrolytic stability due to the use of a polymer comprising
a hydrolysable ester group (van de Wetering, P.; Zuidam, N. J.; van Steenbergen, M. J.; van
der Houwen, O. A. G. J.; Underberg, W. J. M.; Hennink, W. E. A Mechanistic Study of the
Hydrolytic Stability of Poly(2-(dimethylamino)ethyl methacrylate). Macromolecules 1998, 31,
8063-8068). Further, while Cai et al. did not measure osmotic pressure directly, they did
determine osmolalities by freezing point depression; and Cai et al. did not obtain a high ratio
of osmolalities under CO2 vs under air - a ratio expected to be comparable to a ratio of osmotic
pressures. While the polymer was purified by precipitation and freeze drying, the measured
osmolalities by freezing point osmometry showed a poor ratio. This poor ratio suggests that
there were still contaminants present, or that the polymer had partly hydrolyzed.

[00151] Typically, in a forward osmosis system, such switchable draw solutes are
added to water or an aqueous solution to form a switchable FO draw solution. This draw
solution is put in contact with one side of a semi-permeable FO membrane; a feed solution is
placed on the other side. Either before or after being put in contact with the FO membrane,
the switchable draw solution is exposed to an ionizing trigger that switches the switchable
draw solute from its first, neutral form to its second, ionized form, thereby increasing the draw
solution’s ionic strength and osmotic pressure. Such conversion of the switchable draw
solute to its ionic form also has the effect of increasing the hydrophilicity of the switchable
draw solute, potentially further increasing the observed osmotic pressure. Consequently,
water moves from the feed solution into the draw solution, across the membrane via forward
osmosis, generating a dilute draw solution and a concentrated feed solution. The excess
water can then be extracted from the dilute draw solution, to produce fresh water and the
switchable FO draw solution; a non-limiting means by which the water can be extracted is
RO.

[00152] An example embodiment is shown in FIG. 1, where the switchable draw solute
2 is a switchable polymer (Pol); in a draw solution 3. The draw solution 3 is separated from a
feed solution 6 by a semi-permeable membrane 4. The feed solution comprises solute 5.
After CO2 is injected into the draw solution, bicarbonate anions 7 are formed. The membrane
4 used in the FO step is typically not the same membrane that is used in the RO step. A

representative chemical reaction in this process is:
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iPJlfaq) '+fnC0‘g '+fﬁ‘H20 = HnP(ﬂ"*(m} "‘Hﬁ'HCDg’

[Before ¢exposure {to(CO2, t|least ;agportion coftthe sswitchable fpolymers ihé&néagueous fsolution

jpolymer jincreases when thigher jportion (of fthe jpolymer tbecomes iionized. I Some
©embodiments, {the osmotic pressure iis ccontrolled tby ccontrolling fthe jportion tof sswitchabie
,polymer tthat jis jionized. |For @xample, ithe ttime {the jpolymer solution ifs texposed to ICO2 may
[be controlled, the jpressure of (CO2 tthat ithe polymer ‘solution iis lexposed fto, ©fF the
concentration of 02 jin the jpolymer :solution jmay lbe controlled. hih other 'words, @ny
;a'p.plicable common means jin chemistry to control the equilibrium wof the acid-base Ireaction
can be wutilized to control the extent of the jionization of the |polymer. [For example, [FIG. 2
shows the effect of basicity (pKaH) of a molecule (MW= 100 g/n) on the |percentage of
Lprotonation in the presence and absence of 1atm of CO2. The |percent [protonation

[00153] As a result, FO from the feed solution 6 to the draw solution 3, takes place
such that at least a portion of water in the feed solution 6 permeates to the draw soiution.
After at least some water permeates to the polymer solution, the feed solution becomes
concentrated with respect to the solutes 5 in the feed solution 6. In some embodiments, the
extent_ of the concentration is controlled by controlling the osmotic pressure of the draw
solution.. The concentrated feed solution, 6 may' be: removed for further' processing! 67
consumption. At the same time,, the: draw solution: 3 is. diluted.. To restore: at ieast: & portion of
the, switchable . polymer, applicable ; means; for drive: the: equilibrium of the: acid-base reaction!
in favor - of the, neutral| form, of the: polymer- may- be: employed.. For example,, CO2: may” be
remaved| tg drive; the: equilibrium. . In, some: embodiments, , CO2: isi removed! by reducing| the:
pressure, the; polymer -solution, is; exposed| to,, by’ heating| the: polymer- solution,, by agitating| the:
polymer -solution, , and/or -flushing the: polymer - solution withi ain inert:gas.. The! inert: gass may’ bée
nitrog_en 1ar-argon., By controlling j they equilibrium of the: reaction,, the: portioni of polymer that!is

neutral| can bes controlled. | After -the: portiony of the: polymer “thatt iss neutrallincreases, , attleastta
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imicrofiltration, ©ornanofiltration. After removal ofwater, ithe remaining jpolymer ssolution ©an tbe
ireused ffor {the jprocess, @s showniin [FIG. ‘L.

[[001541 [FIG. :3 shows one embodiment (of ithe IFO :system. The 'system ‘10 comprises @
feed stream chamber 101 ;and :a draw chamber ‘102. ‘The feed «chamber ‘101 iand the ‘draw
Chamber 102 are jin fluid «communication with each other iand iare :separated lby @
semipermeable jmembrane -117. |Feed stream ‘115 is fed iinto fthe feed chamber '101, iand the
draw solution jis fed jinto the draw chamber '102. The draw ‘solution :and 'the feed ‘stream
comprise @ common solvent. The draw :solution iin the draw chamber 102 icomprises |polymer
103 and iis finjected with CO , (104). Thus, the polymer iis |protonated, resulting iin lhigher osmotic
[pressure. The solvent permeates from the feed chamber 101, [producing concentrated feed

stream 116 and diluting the draw solution '102. The concentrated feed stream 116 iis removed

to the degas chamber 106, where the diluted draw solution is subjected to mild heat such that
CO2 js removed and the polymer jis deprotonated, and the osmotic pressure is lowered. The
diluted polymer solution fis transported in step 108 to a solvent removal subsystem 100
comprising a polymer solution chamber 109 and a solvent chamber 110. In some
embodiments, the polymer solution chamber 109 and the solvent chamber 110 are separated
by a membrane 118. In some embodiments, ultrafilration (UF), microfiltration, nanofiltration, of
reverse osmosis is applied to remove the solvent in the polymer solution to the solvent
chamber 110, The solvent may is then removed from the solvent chamber 110, and, where the
solvent: is water, can provide clean, water out 112. In some: embodiments,  the' solvent is
removed| by evaporation.. The removed: solvent: may be reused.. The: concentrated! polymer
exposed| CO2 such, that the: polymer- js. protonated., (n some: embodiments,, the CO2 is the C0 ,
recovered| from the degassing;chamber 106 in step 107., In some embodiments,, the: protonated!
polymer- solution, is; transferred| in step: 114. to the: draw' chamber 102! as: the: draw’ solution..

[00155]| The; working; concentration) range: of the: switchable: polymer- if the: draw’ solute:
may' be: <50 wt., %, between, about; 0.5 wt.. % to about: 50 wt.. %, between about: 5 wt.. % to 50
wt., %, between, about: 5 wt., % to, about: 45 wt.. %, betweeni about: 5 wt.. % to about: 40 wt.. %,
between, about: 5 wt.. %, toy aboutt 35 wt., %,, betweeni aboutt 10/ wt.. % to about: 35 wt.. %, betweeni
about; 10) wt., %, to aboutt 30) wt.. %,, between about: 10} wt.. % andi aboutt 25 wt.. %, or between!

aboutt 15 wt., %, and] aboutt 25 wt., %,.
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[[00156] |iInssome eembodiments, tthegpolymerigsgprotonated ifnttheCdrawtchamber 1102.1im
«some eembodiments, tthe(CO_jiisrmaintained eatéagpredetermined Fpr’és’s'u‘réilrntihecdrawcéharﬁber
[[00157_] \We thave wncovered (certain characteristics (of tthe fpolymer tthat &&h Zid lin
sselecting A Fpo[ymer ;@advantageous ffor wse s s sswitchable (draw Ssolute i fforward ‘osmosis
Systems . -These characteristics caniinclude: (i) tthe fpolymer iis fpreferably SSijstan't'ia'I'Iy \water
tthe polymer jis ypreferably relatively meutral iin fterms ¢f thydrophilicity, ffor texample, thas @&
yh'ydro_philicity ©f thaving @ lig(k), tthe llog ((base "10) (of fthe octane/water [partition coefficient, (of
about ©, @r @bout (0.2, or @t lleast (O ((iii) tthe jpolymer iis Jpreferably lre'lat'ive'ly Ineutral i
|hygroscopicit)_/; ((iv) due jin part to iits Ihygroscopicity, tthe [polymer Ihas @h iacceptabie ‘swell'l'ing
[pressure jin aqueous solution, for example iaswelling |pressure of lbetween ©iand <172 'offthe
osmotic [pressure of the jionized :switchable |polymer iat the 'same cconcentration, ©F about - lf
the ¢swelling [pressure jis too |high, the osmotic pressure of the switchable Ipolymer i the Ineutral
form iin aqueous solution will also lbe too lhigh (e.g., in the absence of a fionizing trigger, such
as CO; or, in the presence of air); (v) the polymer should preferably bé in a relatively puré
state, meaning that solvents, monomers, salts and other residues of the synthesis afé
oligomers;_ where these are present, they should preferably bé removed, for examplle b'y'
dial)‘/sis,J or by utilization of a polymerization method that generates polymer that i§ not
contaminated| with, oligomers;; (vii) the: polymer should| contain a relatively high number of
switchable. moieties; per gram, of polymer-, for example,, = 3 mmol, >5.5 mmol, about 3 mmol
tg about; 24 mmol, abaut: 3 mmoll tor about: 23.3: mmol, about: 3 mmoll to about: 1§' mmol, about:

5.5, mmgll to about: 24. mmol,, or about: 5.5 mmoll to about: 23.3' mmol,, 67 about: 5.5 mmol 18

o

presence,gffain, ionizingjtrigger,,suchas; CO ; (viii) the: polymer-to preferably’ bé&free:6r rellat'i'vely'
free, cﬁ,fqroups;thag[t couldj be: hydrolyzed] duringy synthesis, , use,, storage,, Or contacttwithi water,

includingysuchgroups;as; esters,, carbonate: esters,, epoxides, , imines,, amidines, , dr'guanidi'hes; ;

~
0O

and,, (ix))the; polymerrt_@preferably/nottcontaimany/non—bulky/secondary'amiheig‘rb‘up“ o1 non-

bquylprimary_/aﬂrni_ne,ngroups. )
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l[001558j in rrespect (of gpoint ((i), iit its tknown fthat cosmotic jpressure ifs fproportional lto tthe
mumber ©f species jin solution ((see tbelow). Thus, iif i switchable jpolymer irs fto tbe wsed @3 @nh
soluble jin at|least ithe jionized fform jin ©rder o jprovide iantosmotic |pressure iiniagueous 'solution
tthat jis suitable iffor forward ©smosis. [Further, iitthas lbeen ffound tthat :some switchable jpolymers,
once switched to itheir neutral forms jin :aqueous solution, can Ibe precipitated ‘out (of ‘solution.
[However, @as would |be wnderstood Iby ia [person «of :skill iin tthe art, Ire-dispersing fthe ‘switchabie
lpol_ymer iin :solution once |precipitated, and then :switching the |polymer fto its lionized form i’
difficult. ‘To :avoid such complications, iit its |preferable fthat ithe 'switchable Ipolymer Ib@
substantially water soluble iin both the neutral :and iionized forms.

[00159] lin respect to jpoints (i) to (iv), iit is desirable for @ switchable |polymer iif the
neutral form jn aqueous solution (e.g., iin the absence of an iionizing trigger, such as 'CO2; oF,
in the presence of air) to |have the llowest practicable osmotic pressure. This allows for more
facile isolation or liberation of water from a dilute draw solution comprising the switchable
_polymer in the neutral form, for example, by standard, relatively low enérgy means: for
example, dialysis, precipitation, vacuum treatment, ultrafiltration, RO, etc. To maintain the
osmotic pressure of a neutral switchable polymer in solution as low as possible, the switchable
polymer should not be highly hydrophilic or hygroscopic. If a switchable polymer that is highly
hydrophilic or hygroscopic is used as a draw solute, even if the polymer is not ionized oF not
fully dissolved in an aqueous draw solution, it will still draw water across an FO membrane due
to its hydrophilicity.  This tendency to draw water to itself, absent any other triggers,. is referred
to as a polymer's swelling pressure.. As such, the osmotic pressure of a neutrall switchable
polymer‘ in aqueous solution, is not only related| to the: number of species. i solution,, it cam bé
increased| by a polymer’s. swelling| pressure,, which, can lead to a neutrall switchable: polymer
having| an osmotic. pressure: in solution that; is: higher' thani expected| or desired.. This: is not a
concern, when, the. switchable: polymer: is. ionized,, as the: osmotic: pressure: of the: ionized!
polymer “in; solution | should| be: as; high, as; possible.,

[001160]] To further maintain| the: osmotic: pressure: of a neutrall switchable: polymer if
solution, as; low: as;, possible,, the; switchable: polymer' cani be: treated,, prior' to use: as a draw’
solute,, to remove: any' non-polymeric ; and/or- oligomeric: contaminants, , suchl &S solvents,,
monomers, , salts; and| other- residues; of the: synthesis,, andl any’ oligomers.. By doingl 0, the!
number -fraction of: non-polymeric ; and/or - oligomeric ; contaminants ; ini @ sample: of & switchable'!

polymer- can, be: kept: toy a minimum, , for- example,, < 0.5 or < 0.3} or < 0.1 by’ moles;; or;, for:
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example, :a poly dispersity jindex (PDI) of < 1.35 for the switchable |polymer imay lbe achieved.
IH..Vink jin 1971 |[H. Vink, |[European [Polymer Journal, 1971, Vol. 7, |pp. '141°1-1419{(incorporated
lherein by reference) disclosed that osmotic |pressures of jpolymer :solutions «can lbe ‘dominated
by iimpurities, :such :as rresidual organic :solvent or imonomer; iand, that iif dialysis iis lused tto
rremove those iimpurities, tthe osmotic |pressure of aineutral jpolymer imay decrease, iand iinstead
Ibe affected |by lloading (concentration) :and imolecular 'weight. As :such, ia 'switchable [polymer
can e treated, or purified by wltrafiltration «(e.g. dialysis) to remove contaminants. As osmotic
pressure values are iinfluenced by the number of species iin solution, a consequence of such
treatment, .or purification iis that the number of species iis essentially reduced to the switchable
polymer iitself; as such, when the switchable polymer iis in iits neutral form, iits osmotic |pressure
in aqueous solution iis llower than that of :untreated, or non-purified switchable |polymers.
[00161] Additionally, the osmotic |pressure of a ineutral :switchable polymer iin solution
may lbe maintained as llow as possible, even at medium or high wt % concentrations, iif the
polymer is |branched or dendritic, as lbranched or dendritic [polymers have smaller
hydrodynamic radii than their linear counterparts. As a result of such smaller hydrodynamic
radii, a branched or dendritic switchable polymer would have lower viscosities than their linear
counter parts. Branched or dendritic polymers have fewer entanglements than linear polymers
of the same molecular weight, and consequently have lower viscosities. Low viscosities are
desirable in a FO draw solution as it results in higher water fluxes, decreased concentration
gradients near the membrane in an FO system, and greater ease in pumping the draw solution
throughout the FO system.

[00162] In respect of point (v), it is believed that the osmotic pressure of an ionized
switchable polymer in solution is largely dominated by the number of charged species in
solution (e.g., the negatively charged counter ion associated with the ionized switchable
polymer in solution, the nature of which depends on the ionizing trigger; for example,.
bicarbonate anions).. As such, ensuring that a switchable polymer has a high number of
switchable moieties per gram of switchable polymer (for example, =3 mmol switchable
moieties) that can be ionized in the presence of an ionizing trigger will, in general,. increase the
osmotic pressure of the ionized switchable polymer in aqueous solution. The number of
switchable: moieties, in a homopolymer (a polymer where: alll of the: repeat. units are: the: same):
is equall tor the: number of protonatable: N atoms; in the: repeat: unit. divided! by the: molecular
weight: of the: repeat; unit. For example,, pPDMAPMAmM | has: two' N atoms: in eachi repeat: unit,

where: one: N atom isi basic: enoughi to be: protonated| in carbonated| water.. The: molecule: weight:
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«©f @ne rrepeat wnit ©f PDMAPMAM iis 1170 ¢g/mol. “Therefore tthe number (f fprotonatable Ssites
(per @ram jis = “1ymol (of ssites gper rmol cof rrepeat wnits // “170 g fper ol (f frepeat tunits =(0.0059
imol ©f sites gper @ =15.9 immol (of ssites perg.

[[00163] [in respect (of fpoints {(vi) @and {(vii), sswitchable fpolymers tthat @re fmore tbasic &@re
expected {to thave @ thigher |percent fprotonation (or iionization 'when texposed lto @n iion'iz'ing

uch same
lloading @s compared ftolless Ibasic jpolymers. IFor example, i fpolymer ‘with @ pK,;, ‘of iabout 9.5-
110 (assuming @ molecular weight (of one imonomer wnit iis ~100 g/n) ‘will lhave @ llow Ipercent
[protonation jn @ir, lbut will [have «close to "100% |protonation iin {CO2 iln @ 'working (concentration
range (e.g., lless than 40 wt.%). An example of one such switchable Ipolymer iincludes
[polyhexamethylene [biguanidine (pK,,;=9.6). Alternatively, iif @ 'switchable |polymer i |rellatlivel'y
less |basic, a lhigher pressure of an jionizing trigger, 'such ias ‘CO2, Imay lbe lused. [For ‘example,
increasing (CO2 pressure wup toabout ‘15 |psi ‘CO ,(gauge |pressure, relative to iatmosphere)' may
provide a high % protonation or iionization for a switchable polymer fin ‘solution lhaving @ PpK,;
between 7-9.

[00164] In respect of point (viii), a switchable polymer that comprises hydrolysable
groups may undergo hydrolysis during synthesis, use, storage, or contact with water. Such
hydrolysis would generate non-polymeric and/or oligomeric contaminants that may affect the
switchable polymer's osmotic pressure in solution when in neutral form, in the absence of an
ionizing trigger such as CO2. For example, polymers containing hydrolysable groups may
undergo hydrolysis of those groups,, slowly producing small molecules and thereby increasing
the. mole. fraction, of smalll molecules. in the: polymer' or an aquecus solution! thereof.. it i§
aqueous; salution, of the: switchable : polymer* underair (i.e.,, wheni in neutrall form,, if the' absence’
of an ionizing trigger - such; as CO2)., Thus,, in some: embodiments, , it i preferred! o avoid! tisé of
switchable_: polymers; comprising | groups; suchi as carbonate : esters,, epoxides,, 6F imines.. Imother’
embodiments, , it: is; preferred| to avoidi use: of switchable: polymers: comprising | groups’ suchi &%
esters, amidines,, gr guanidines..

[00165] | Ini respect: of pointt (ix),, a switchable : polymer " that! does} nott comprise ! any' i6i-"
bulkyr secondary ramine: groups; ar non-bulky ' primary’ amine: groupss is preferred,, & non-bulky '
primary randjsecondary ramines;are:capable soffcarbamate :iom or-carbamic :acidl group*formation !
duringjswitching ywithyamionizingjtrigger "suchias; CO2.. Removal lof carbamate *ions 6f carbamic :

acidj groups ; imwater - byr heatingy and/or -flushing ywithy aim inerttgass to switch1the? carbamate }saltt
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carbamate jionsiisrnoteexpected ttoiincrease tthe rnumber cofsspecies iinsolution, rmeariing tthatea
|lowerthan desired increase jincosmotic gpressure rmaytbecobserved Wwhentthessolution (dprdIymer
iis ¢exposed tto (CO2. “The conly jincrease iinosmotic fpressure anticipated ‘would tbe tthat ue tto
jincreased thydrophilicity, which rmay tbe iinsufficient cor iinefficient ffor tthe FFO tpplications @3

described therein.

l[00166]_ Treatment IProcesses

[00167] “Tomeetthe fforegoing requirements, :@a:switchable fpolymer fmay tbeselected fthat

i e

lpolymerization imethod imay lbe wsed to iinitially reduce the amount of Inon-poiymerfc iand/or
oligomeric contaminants |present jin the switchable |polymer. IExamples ‘of such controlied
polymerization methods jinclude a controlled radical |polymerization, @ fstep—growfﬁ

1polymerization, Qr an anionic polymerization.

[00168] Whether a switchable polymer is selected or synthesized, treatment to Fémové

PR R Ry oyl

can be advantageous. Such treatment can include one or more of dialysis, precipitation,
vacuum, treatment, ultra-filtration, reverse osmosis, and washing with soivent. While it Was
pressure, and that. decreasing the- number' of solutes. should decrease' a solution’s: osmotic:

pressure, it was not expected that: treating: a switchable: polymer to remove smalll molecule'

A RN S

osmatic; pressure , in absence: of: an ionizing) trigger- (e.g.,, in ain)) that: wass = 2, = 6%; 61, i$ =
10;; or, i, about; 15;; or, is; = 15, oris; = 16.. It hadi not: beeni realized! thatt smalil molecule* and/or’
oliqomeric ;contaminants ; presenttim a polymeric : solute: couldi so significantly affect!the? osmotic:
pressures; off any; resultantt solutions s im the: absence: off ani ionizingj trigger, , such &S i air.- Nor
wassittexpected jthattthesratioy off osmotic  pressuresswithorwithout taimionizingjtrigger " (e.g. - with?
CO2, vs; withoutt CO2)) couldj bes mores importantt tham the: difference : between) the? osmotic:

pressures. However, ittwas;previously /thought tthattcontaminants simtheswitchable Bpolymer, Lor
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solution ithereof, would jin general fhave llittle effect ©on fthe ifference iin osmotic |pressures
iionizing trigger, such @as (€0O2) yroughly equally. ©Only when fthe iimportance tof ithe osmotic
[pressure yratio, ;and ithe deleterious effect of contaminants (on fthat iratio, 'were Irecognized, 'was
the jimportance (of treating the :switchable |polymer ito remove (orr:avoid iimpurities understood.

L[00169] lin embodiments, when :a switchable |polymer ias described Iherein iis used @5 @

switchable draw solute jin:a draw solution jin;an [FO system, :and adilute draw solution iis formed

low enough to allow effective concentration of the dilute draw :solution lby IRO, wiltrafiltration
(UF), or microfiltration (MF), etc.; for example, < 46 |bar, or approximately <40 bar. lin other
embodiments, the osmotic pressure of the ineutral form of the switchable draw solute iin
aqueous solution (e.g., iin the absence of an fionizing trigger, such as iin the presence of air) iis
approximately < 10 bar, or approximately < 3 bar. In embodiments, the osmotic pressure of
the jonized switchable polymer jin solution contributing to the ratio of osmotic pressures is
approximately equivalent to the osmotic pressure of concentrated orange juice (experimentally
determined and described herein as being approximately 46 bar, see below). In other
embodiments, the osmotic pressure of the ionized switchable polymer in solution contributing
to the ratio of osmotic pressures is approximately equivalent to 50 brix. In some circumstances,
it is believed that the osmotic pressure of a solution is positively related to the concentration of
the solute. For example, FIG. 4 depicts the osmotic pressures of sucrose solutions in water,.
measured by three different techniques (freezing point osmometry (FPO), membrane
osmometry (MO), and vapour-pressure osmometry (VPO)), where the osmotic pressure is
shown. as a function, of the: concentration| of sucrose: in terms. of molality and in terms. of brix
(plot. adapted| from Grattoni, A., et al., (2008).. Anal.. Chem., 80, 2617-2622,, incorporated! herein
by reference).,

[OOl?O]J As discussed| above,, it was: considered| that, if switchable: polymers,, such as
polymeric; amines,, were: used as draw' solutes; for switchable: FO draw' solutions,, treating| or

purifying; said| polymers; may' reduce: any' energy’ requirements; associated| with liberating) water’

osmosis,, CO2 is; flushed| out: of the: diluted| draw' solution,, reducing itsi osmotic: pressure: to
relativelyv lowrvalues.. Reverse;osmosis; (RO)) is; then) used| to force: any' recoveredl water: out: of’

the; diluted| draw' solution,, leaving; behindi the: switchable: polymer- ini water/aqueous i solutioni at
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@ concentration rrequired ffor wse :as @ raw ssolution ((following Ire-carbonation). fFurther,
fpolymers zare (@enerally considered {tolbe mon-flammable, montoxic, i@and non-bioavailable, ‘and
IFO membrane jinto @aifeed solution); fthus wse (of iatswitchable [polymer @s@draw ‘solute, ©Ver @
small jmolecule jincreases safety ffor workers, «decreases trisk ©f thealth iimpacts tto'workers ‘and

cconsumers, @and jincreases @ajprocess’ efficacy, irelative ftoiasmall imolecule-based IFO 'system.

[00171] Applications
|_[00172]_ lIndustrial thermal pprocessing «of foods imay impact fthe ‘sensorial iand Inutritional

pproperties of the final consumable product (for example, 'see [FOOD IENGINEERING = Vol. li
= Concentration of Liquid Foods - IHernandez, IErnesto, 2009, iincorporated Iherein by
reference). As such, the treated switchable |polymers described lherein that meet the above-

(FO), or by [Forward Osmosis followed by Reverse Osmosis (FO/RO)). Via ‘osmosis, lherein

described FO systems comprising a switchable polymer as a draw solute arée suitable for u3@

in food and beverage-processing industries, where the FO feed solution comprises a precursor

consumable to be concentrated or partially concentrated, due to the switchable poiymer"s

inherent non-flammability, nontoxicity, non-bioavailability, and lack of croSSover in FO systems
(crossover occurs when a draw solute crosses over a FO membrane into the feed solution).
Generally, use of FO or FO/RO systems in food and beverage-processing industries offers
additionall benefits that include: (i) highly concentrated finall consumable products; (iij reduced
product volume: due to the concentration of precursor consumables;: (iii) and higher quality final
aromas).,

[00173] In embodiments,, the: feed solution; of hereini described FO or FO/RO' systems
comprises; a precursor consumable,, whereini the: precursor consumable! i§ dilute! (e.g.,
comprises; an agueous; solution)) and! is to be: concentrated| or partially’ concentrated! by FO. IR
embodiments,, the: precursor- consumable: is; a foodl product: precursor, a dairy’ product:
precursor, a beverage: product; precursor,, & Syrup) precursor,, an extracts; precursor, or ajuice!
cancentrate: precursor., Im embodiments,, the: precursor- includes; fruittjuice,, nut: milk,, nut water,»

beer, wine, whey,, coffee,, tea,, broth,, an aqueous; vegetable! extract! (e.g.,, corm processingl for’

maple: sap,, apple:juice,, grape:juice,, fruittjuices,, figjjuice,, sugar- canejuice,, molasses, milk,
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«coconut milk, coconut water, extracts ((e.g., extracts from lbeans, 'vanilla lbeans, 'seeds, lroots,
lleaves, spices, fragrances, Iberries, coffee, tea, «cannabis, lhemp, tobacco, 'vegetable, ©F
seaweed), soup, :stock, Ibroth, or |partially concentrated ‘versions (of any one ©F fore ‘of the
foregoing, «arimixtures tthereof.

[00174] lin other embodiments, Iherein described IFO oF IFO/RO 'systems iare 'suitable for
production of freshwater |by desalination of :seawater orr lorackish water; of, to at least |partially
dewater ‘wastewater, |process water, or other iindustrial aqueous ‘solutions. 'in ‘other
embodiments, lherein described IFO or IFO/RO systems iare suitable for |processing and/or
concentrating [bio-therapeutic proteins, food |proteins, imonoclonal antibodies (MAbs), and/or
therapeutic proteins (e.g., immunoglobulins (IgGs), albumins, BSA, etc.) as FO processes are
known to have a low impact on higher structure proteins or complex molecules. In other
embodiments, herein described FO or FO/RO systems are suitable for concentrating dyes,
and may decrease loss of dyes or essential salts and increase dye quality and concentration.
[001 75] In other embodiments, herein described FO or FO/ RO systems aré suitable for
concentrating wastewater such as that produced by residential buildings, municipalities, oF
industrial processes. Examples of industrial processes that may use herein described FO o6F
FO/RO systems for wastewater cleanup, orfor concentrating aqueous mixtures include: dyeing
of fabrics, pharmaceutical processing, biomass conversion, algae growth, agriculture,
fermentation, nuclear power generation, or geothermal power generation. If particular,
biomass utilization or conversion processes may benefit from use of herein described FO oF
FO/RO systems because of their frequent need for water management, water removal, and

concentrating| of aqueous mixtures.. Examples. of such biomass. utilization processes: include::
(e.g. cellulose,, starch, hemicellulose,, inulin, xylan, chitin, andl the like), wood, lignocellulose,
grass, microalgae, macroalgae, bacteria, bagasse, stover, agriculturall waste, compost, of
manure., These: conversion, processes. may involve heating, fermentation,, biomass: growth, of
catalysis; (e.g. by enzymes,, whole: cells, yeast, antibodies,, acids, bases, bacteria, metals,
heterogeneous; catalysts,, homogeneous; catalysts).. Further,, use: of herein described! FO' or
FO/RQ' systems; in applications: suchi as biomass: conversioni and fermentation! provides:
benefits; such as; non-toxicity,, non-bioavailability,, and! lack of reverse: salt: flux: of the! switchable:
polymers; as switchable: draw' solutes.. As such,, switchable: draw' solutes: are: considered! unlikely
to kill,, inhibit,, poison,, or otherwise: interfere: withi catalysts: suchi as enzymes,, yeast,, whole: cells,

antibodies, , ar bacteria..
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[[00176] Itn other e¢mbodiments, therein described FO «©rfFO/RO ssystems @re ssuitable ffor
cconcentrating ssolutions of ccolourants such ias dyes or jpigments, «ither «during ftheir jproduction
((e.g. @fter extraction ifrom natural ssources), iin jpreparation ffor ftheir wse, ©r i «cleanup (of
wastewater (containing colourants. |[Examples of such «colourants iinclude carminic iacid,
carmine, yrose jmadder, jindigo, Tyrian purple, wsaffron, «crocine, Imauveine, ierioglaucine,

ftartrazine, ©rgamboge.

IEXAMPLES
[00177] |[Example ‘1z Switchable [Polymers ias IForward ‘Osmosis IDraw Solutes
[[00178] As described iherein, CCVswitchable polymers ‘with lhigh initrogemcarbon rratios

were synthesized, their ability to act as IFO draw solutes was «confirmed. This iinclude the
following |polymers: poly(N,N-dimethylallylamine) (PDMAAm), poly(N,N-dimethylvinylamine)
(PDMVAmM), linear-poly(N-methylethylenimine) (I-PMEI), lbranched-PMEI (b-PMEI), |poly(N-
methylpropenimine) (PMPI), poly(diallylmethylamine) (PDAMAmM), Poly(N-
methylbutyleneimine) (PMBI), Poly(tert-butylaminoethylamino methacrylate) (P(tBAEMA)),
Poly(N,N-(N’,N’-dimethylaminopropyl)allylamine) (PDMAPAAM), reduced-poly(N,N-
dimethylaminopropyl ~methacrylamide) (red-PDMAPMAm),  Poly(N,N,N’,N"-tetramethyl-2-
butene-1,4-diamine)  (PTMBD),  NI1,N*-(butane-1,4-diyl)bis(N 1-(3-(dimethylamino)propyl)-
N3 N3-dimethylpropane-1, 3-diamine) (DGEN1), and NLN'NTN"-((Butane-1,4-
diylbis(azanetriyl))tetrakis(propane-3,1-diyl))tetrakis(N (3 (dimethylamino)propy!)-N 3,N3-
dimethylpropane-1 ,3-diamine) (DGEN2).
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[00179] Materials and Procedures

[00180] Chlorobenzene, 2-ethyl-2-oxazoline, methyltriflate, diisopropylamine,
formaldehyde solution (37%), sodium methoxide solution (35 %), chloroform, tetrahydrofuran
(THF), dimethyl acrylamide, basic aluminum oxide, tetrahydrofuran, lithium aluminum hydride
powder, magnesium sulfate, branched poly(ethyleneimine) (b-PEIl), diallylamine and 2,2'-
azobis(2-methylpropionamidine) dihydrochloride (AAPH) were obtained from Sigma, and used
as received. 2,2'-Azobis(2-methylpropionitrile) (AIBN) was obtained from Sigma, and was
recrystallized from ethanol before use. Diethylether, hexanes, methanol were obtained from
ACP. Acetone, concentrated hydrochloric acid, formic acid were obtained from Fisher
Scientific. Sodium hydroxide pellets were obtained from Acros. Poly(allylamine) (15 wt%
solution, molecular weight = 15 kDa) was obtained from PolySciences Inc. Dialysis tubing (1
kDa, 3.5, and 10 kDa Molecular weight cut-off (MWCO)) was obtained from VWR. All water
used was obtained from a Millipore system, with a resistivity of 18.2 MQ-cit1 (Millipore water).
Argon gas (4.8) was obtained from Praxair.

[00181] Characterization

[00182] IH NMR spectroscopy was used to determine monomer conversion and sample
purity. CO2 is of supercritical chromatographic grade, 99.998%, obtained from Praxair, and
used as received. GPC was used to determine the molecular weight and molecular weight
distribution of each polymer. Viscosity was measured using Cannon-Fenske type viscometer
(tube size 200) at 25 °C. Cloud points were measured using a Cary 300 Bio temperature
controlled UV-visible spectrometer at 700 nm. The pKaH values (i.e., the pKa of the conjugate
acids) of the polymers synthesized in this work were determined by titration. Polymer solutions
were prepared at concentrations of 5-10 mg/mL and acidified to pH 3 with HCI. The solutions
were stirred and titrated with 0.1 M NaOH solution to pH 12. The pH values were gathered
using a Vernier pH sensor coupled to Logger Pro software. The pKaH was taken as the pH

where the second derivative of the pH vs. volume of base function was equal to zero.

[00183] Synthesis
[00184] Synthesis of poly(N.N-dimethylallylamine) (pDMAAmM)
[00185] Poly(N,N-dimethylallylamine) was synthesized using standard conditions for an

Eschweiler-Clarke methylation with formaldehyde and formic acid [R. Tanaka, M. Koike, T.
Tsutsui and T. Tanaka, J. Polym. Sci. Polym. Lett. Ed., 1978, 16, 13-19]. Poly(allylamine)
(Polyscience, molecular weight= 15 kDa; 20 g) was dissolved in formic acid (55 mL), and 37 %

formaldehyde solution (110 mL). Resulting solution was refluxed for 48 h. Solvent was
-42-

SUBSTITUTE SHEET (RULE 26)



WO 2020/037432 PCT/CA2019/051166

[Resulting solution was sstirred {for ;30imin, fthen tthe solvent {(water) 'was iremoved wnder vacuui.
IResulting solid was dissolved in:30 wt. %:sodium imethoxide :solution (100 iml_). Salt'was ffiltered
off, and solvent (methanol) was removed wnder vacuum. The final |product was Ipurified lby
dialysis (3.5 |kDa [MWCO ftubing), affording :a jpolymer ‘with iaimolecular ‘weight iof :24 lkDa.

[00186] ‘The GPC analysis of PDMAAm was |performed Iusing 10.3 wt. ‘% ILiBr iand 0.3 M
formic acid jin [HPLC grade water s the eluent. \Samples ‘were |prepared :at ‘1img/ml_iand lpassed
through a 0.2 pm filter prior to iinjection. The samples 'were analyzed on an Agilent ftriple
detection GPC equipped with PSS INOVEMA Max [Lux analytical and PSS INOVEMA Max ILux
columns at 40 °C and ‘1 mL/min. The llight scattering detector was calibrated lusing |poly(2-
vinylpyridine) standards. The dn/dc value (0.151) was measured by refractometry analysis

using a Wyatt Optilab rEX refractive index detector.

[00187] Alternative synthesis of polv(N.N-dimethylallylamine) (pDMAAmM)

[00188] All reactions and purification were carried out inside a standard fume hood,
using quick connect glassware, inside adequate secondary containment. All reactions were
carried out under high purity nitrogen gas delivered from the blow off of two liquid nitrogen

from Aldrich, VA-044(((E)-1,2-bis(2-(4,5-dihydro-1H-imidazol-2-yl)propan-2-yl)diazene), 98%)
was purchased from Fisher. Hydrochloric acid (12 M, ACS grade) was purchased from
Millipore. Formaldehyde (ACS reagent, 37 wt. % in H20, containing 10-15% Methanol as a
stabilizer) was purchased from Aldrich, and formic acid (98%) purchased from Aldrich,, acetone
(ACS grade) was purchased from Fisher, NaOH (98.8%) was purchased from Anachemia.. All
materials were used as received without further purification.. Deionized water was purified in-
house: to >15 MQ-cm., Ultrafiltration, cell (UHP' 90 -. 600" mL stirred! polymeric: cell) and
membranes_ (Suez-GE, GK Membranes,, PA-TFC,, MWCO 3000' Da) were: purchased! from
Sterlitech. .

[001/89]] Poly(dimethylallyl | amine): was; synthesized | via a three-step 1 synthetic : route: (see
polymerized | through & radicall polymerization | in water., The: resulting | reaction: mixture: was; then!
carried| through  to the; dimethylation | reaction; usingj formic: acidl andlformaldehyde. . FIG.. 6 shows:
a block: flow diagram for- the: overall] process.. The: finall dimethylally! [ amine: polymer’ solution!

was; purified| through, ultrafiltration ) to) yield| 221.15, g (2601 mL)) of 23} wt%, solution..
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{Scheme 3. :Synthesis rroute tto jpDMAAM
[00190] Asiillustrated jin [FIG. 6, 160 g of Allylamine ‘was ftransferred ‘to @ 150 Il iaddition
funnel that jis connected toa 250 imiL round |bottom flask, ‘which contains i86 ImlL of 12 M IHCI.
The jround |bottom flask 'was jplaced jin :alliquid initrogen lbath iand with sstirring fthe allylamine 'was
added drop-wise ito produce :allylammonium chloride. The rresulting allylammonium «chloride
solution 'was transferred to a:3-neck :250 mlilround lbottom flask equipped ‘with @«condenser iand
an addition funnel that contains 3.56 g of iinitiator VA-044 ((E)-1,2-bis(2-(4,5-dihydro-1H-
imidazol-2-yl)propan-2-yl)diazene) dissolved iin 10 miL of de-ionized water. Both the monomer

solution (round bottom flask) and the iinitiator solution (addition funnel) were purged with
nitrogen for 1jhr, using a 16G needle with anouter diameter of 1.651 mm and aniinner diameter
of 1.194 mm. After purging, the round bottom reaction flask temperature was set to 55 °C and
the initiator (6.7 mL of the solution) was transferred to the monomer solution dropwise over ih.
After 22 h, a 5 mL sample was withdrawn from the reaction mixture using a syringe with a
needle. This sample was analyzed by proton NMR to assess reaction conversion. The
conversion was determined by integrating the signal from -CH2- (C’) at 3.45 ppm from the
3.3 mL of the initiator solution was added to the reaction mixture and heating at 55 °C Wwas
continued. After 94 h the reaction was stopped by placing the 3-neck 250 ml round bottom
flask into an ice bath. Monomer conversion was monitored by NMR in D20 at 22 and 96 h. No
further purification was carried out.

[00191] For the: polymerization | of allylammonium | chloride,, the: monoriier conversion: at
22 hwas; 67.42%, and| at 94. h was; 81.93. % based| on H- NMR. analysis.. The: tH-NMR. spectra
at 22 h shows; the: characteristic . broad signals. of the: polymer at. 1.3, 1.9 andl 2.9' ppm.. The:

[00192] The: IH-NMR. spectra, at. 94 h shows; the: characteristic : broadl signals: of the:

polymer-at; 4.3, 3,91and] 2.9 ppm.. The: remaining) monomer ‘is; observed| at 3.4, 5.3 andl 5.8} ppri..
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[[00193] “The gpolymer samples withdrawn it :22 «and (94 th were analyzed thy GPC

((aqueous) wsing |light scattering :@s fthe «detector. Table ‘1 tshows fthe 1molecular ‘weight

Mp IMin IMw IMz IMz+1 N
~ IMw/Mn
(@/mol)  ((@/mol) ((@/mol) ((g/mol) ((g/mol)
Time=22 |h 20449 17789 27249 46131 {88630 ‘T53

time=96 [h 17456 16070 22481 31342 471187  1.39

Table 1
[00194] H INMR (400 IMHz, ID20, & ..Jppm) ©f jpoly(allyl ammonium chioride): 1.2-1.4 (s,
ACH2, 2H); ‘1.8-2.0 (s, CH, "1H) and 2.9-3.0 (s, (CH2, 2H).
[00195] H INMR (400 IMHz, [D20, & ..|ppm) of impurities (allyl ammonium chloride): 3.5
(d, CHZ, 2H); 5.3 (m, CH2, 2H) and 5.8 (m, CH, 1H).
[00196] The reaction mixture containing poly(allylammonium chloride) and allylamine
chloride was used to synthesize pDMAAm as described below.
_[001971 A 5 L three-necked round bottom flask equipped with a condenser (connect'ed'
to a chiller at 2 °C) was placed on a hotplate with a 5 L heating block, ‘inside a large secondary
container. The exit of the condenser was connected to a gas bubbler ii order to monitor the
evolution of carbon dioxide (produced from the reaction). The 5 L three-necked flask Was
charged with a stir bar and 150 mL of the poly(allylammonium chloride) reaction mixture formed
earlier, which contained approximately 50 g of polymer and 10 g of allylamine chioride.. One of
the three necks was attached to an addition funnel| (loaded with 0.317 L of formic acid 98%)
and a temperature - probe was. adapted to the other neck. Based on observation from small
keep, stable stirring.. The: acidiwas. added| dropwise : (under stirring) 1to the: polymer solution.. After
addition, of the, acid,, the. addition, funnel| was; swapped | for'a new addition: funnel,, which is loaded!
with; 0.234. L of aqueous; formaldehyde : (37 wt%): solution.. Theni the: formaldehyde : solution! i§
added| dropwise: to the: reaction; mixture.. After' complete: addition,, the: addition: funnell was
removed, , and| the: round| bottom flask: neck: was; capped| withi a glass; stopper.. The: temperature :
was; monitored | during|the: reaction,, The: mixture:was; gradually ' heated| to andl maintained ! at 110
°C, and| the: evolution of‘ gas; was; monitored. . The: reactioniwas: monitored | constantly ' duringl the:

condensation \ from) reflux.. Heatingy was; continued| for- 72! hi, while: the: evolution! of CO2 Was
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imonitored. Toconfirm ithat {the imethylation ‘was «completed, ithe Ireaction !mixture ‘was =sampled
((11mL) wsing @ syringe it ;24 :and 48 Ih. The sample 'was |precipitated iiniacetone @and @ 1H-NMR
;analysis was (carried outiin [D20. After "721Ih, tthe lheating 'was fturned offiand fthe fthree Ineck Iround
[bottom flask 'was :allowed to icool down to Iroom ‘temperature.

[00198] ‘The dimethylation reaction imixture ‘was sampled it 24, iand 48 lhours. At 48 I,
according the INMR :analysis, the imethylation ‘was completed, Ibut ithe Ireaction ‘was allowed to
run for ;a total of 72 |h to ensure complete (CO2 generation. The IH-NMR 'spectra of the 'sample
at.48 |h confirms that the dimethylation was 'successful and iit showed ‘the characteristic Ibroad
signals of the poly(dimethylallyl :amine) at 1.3, 1.9, :2.75 iand 3.2 [ppm. impurities ‘were ialso
observed, such as the remaining allylamine chloride converted to the dimethylated [product
(signal at 2.6 jppm), sodium formate 8.10 ppm and acetone from the precipitation step.
[00199] The solution (0.70 IL approximately) was transferred to a 2 IL beaker, ‘containing
a large magnetic stir bbar, and the lbeaker was placed iinside an iice lbath o a stirring plate.
After the reaction mixture was transferred to the 2 L beaker, the |pH was raised to 4.5 lusing
INaOH |pellets, iin which process approximately 40 g were slowly added. At this point, the
polymer precipitates out of the solution as poly(N,N-dimethylallylamine). The polymer was
filtrated and dissolved in 800 mL of de-ionized water. The polymer solution was submitted to
ultrafiltration in order to remove impurities such as sodium formate and remaining monomer
using an ultrafiltration cell AMI Model UHP-90 at 4.0 bar of pressure under nitrogen, equipped
with a polypropylene membrane with a pore size of 0.2 pm, and a diameter of 90 mm. The
polymer solution was added to the UF cell, and fresh de-ionized water (750 mL) was added
and filtered through.. At the end, approximately 221 .15 g (260 mL) of poly(dimethylallylamine)
solution. (22.93 wt%,, 50.8 g of polymer) and 1290 mL of waste water (containing sodium
formate and previously mentioned impurities) were obtained.. The conductivity of the final
polymer solution was 960 pS/cm..

[00200] The H-NMR spectra of the poly(dimethylallylamine) confirmed that the
ultrafiltration was successful! since impurities were not observed and it showed the
characteristic : broad| signals; of the: poly(dimethylallylamine) i at 1.0-1/.6' and! 2.10' ppmi..

[00201]| The: characterization | of Poly(N,N-dimethylallyl | ammonium | chloride) by H NMR.
(4001 MHz, D20, & . ppm)i showed| the:following:: 1.2-11.4- (s, CH2, 2H);, 1.8-2.0' (s, CH,, 1H); 2.6-

2.8 (s, CHg, 6H) andl 3.1-3.4. (s, CHy, 2H).
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[00202] The characterization of poly(N,N-dimethylallyl amine) by IH NMR (400 MHz,
D20, § . ppm) showed the following: 1.2-1.4 (s, CH2, 2H); 1.8-2.0 (s, CH, 1H) and 1.9-2.2 (s,
CHs, CH,, 8H).

[00203] The characterization of impurities (dimethylallyl ammonium chloride) by H
NMR (400 MHz, D20, & . ppm) showed the following: 2.7 (s, CH3, 6 H); 3.5 (d, CH2, 2H); 5.3
(m, CH,, 2H) and 5.8 (m, CH, 1H).

[00204] Waste water analysis - Sodium Formate: H NMR (400 MHz, D20, &. ppm): 8.5
(s, CH, 1H).
[00205] The waste water recovered after ultrafiltration was analyzed by H-NMR in D20

in order to confirm what it contained. The H-NMR spectra confirms that the mainly sodium

formate (8.5 ppm) and traces of monomer (3.6 and 3.8 ppm) .

[00206] Synthesis of linear PDMAAmM

[00207] N,N-Dimethylacrylamide (DMA) was obtained from Millipore-Sigma, and was
passed through an inhibitor removal column before use. 2,2'-Azobis(2-methylpropionitrile)

(AIBN) was obtained from Millipore-Sigma and was recrystallized from ethanol before use.
Tert-dodecylmercaptan  (trDDM), tetrahydrofuran, 4-methylmorpholine, lithium aluminum
hydride powder, magnesium sulfate were obtained from Millipore-Sigma and used as received.
Hexanes was obtained from ACP. Acetone and ethyl acetate were obtained from Fisher
Scientific. Sodium hydroxide pellets were obtained from Acros. Dialysis tubing (1 kDa MWCO)
was obtained from Thermo Scientific. Deionized water with a resistivity of 18.2 MQ - ¢ was
obtained from a Synergy Millipore system. CO2 (Supercritical Chromatographic Grade,

99.998%, Praxair) was used as received.

[00208] An exemplary synthesis of this embodiment is represented in Scheme 4.
AN AIBN, trDDM_ _ LiAlHg _ -
Toluene, 70 °C N THF, 65°C
’ T/ O N N
Scheme 4

DMA (20 ml), AIBN (0.428 g, 0.029 mol/l, 2.14 wt % of monomer) and trDDM (1 wt. % relative

to monomer) were dissolved in toluene (70 mL) and added to a 250 mL flame dried Schlenk
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flask.. The: mixture: was; purged! withi argon and! heatedl to 70 °C,, with, stirring; at. 500 rpm.. After
6 hoursi of reactioni at 70°C,, the: flask: was; cooled| to roomi temperature.. The: resulting] PDMA,
polymer-was: purified! fromi residuall monomers; by triple: precipitation) intor hexanes; and| dried| ini
a vacuumi oveni at: 50 °C for 24- h.

[00209]| A. flame: driedl 5000 miL three: neck: round| bottom, flask: was: equipped| with; a stir’
bar.. The:three: necks: of the:flask: were: connected| to a condenser,, a Schlenk: line: andl a septum..
The:flask: wasi evacuated| andl refilled with argoni three: times.. Lithiumi aluminum hydride: (pellets,,
3.85 g) were: added to the flask and dispersed! ini 4-methylmorpholine - (80 mL).. The  mixture:
was: heated to and maintained| at 65 °C. PDMA (10 g) was. dissolved! in 4-methylmorpholine .
(100' mL) in a 250' mL round bottom flask.. The: PDMA solution, was. added| dropwise to the
LiA IH4 solution: by syringe: via the septum,, with: strongi stirringi (>700 rpm).. After 20 h, THF (35
mL) was added! dropwise: by syringe via the septum.. After another 20 h, the flask was cooled
in an ice' bath and deionized! water (4 mL) was. added| dropwise,, followed' by 15 wt.. % sodium
hydroxide: solution (5 mL) and theni more: water (10 mL). The flask was warmed| to room
temperature and stirred until the precipitated polymer dissolved. Anhydrous magnesium sulfate
was added until the precipitate clumped at the bottom of the flask. The solid phase was
removed by gravity filtration and washed twice with ethyl acetate. The solvent was removed
from the filtrate under vacuum. The polymer was then re-dissolved in ethyl acetate, the solution
was centrifuged, and the supernatant was transferred to a new flask and evaporated to
dryness. The resulting poly(N,N-dimethylallylamine) was dissolved in water and purified by
dialysis (3.5 kDa MWCO tubing). The *H NMR spectrum showed. M,=12.4 kDa, M= 10.7 kDa,
D= 1.2. pK_,=7.72 £ 0.06.

[00210] GPC - 0.3 wt. % LiBr, 0.3 M formic acid in HPLC water: Mw=12.4 kDa, Mn=
10.7 kDa, b= 1.2

[00211] GPC - DMF + 1mM LiBr: Mw=18.5 kDa, Mn= 8.0 kDa, £= 2.3

[00212] Viscosity of the linear PDMAAm iis shown in FIG. 7.

[00213] Synthesis of Branched PDMAAmM (b-PDMAAmM)

[00214] Two types of b-PDMAAmM were synthesized. The first type includes N,N-

methylenebis(acrylamide) as crosslinker, and the second type iincludes divinylbenzene as

ccrosslinker. IBoth of which are :shown iin Scheme 5.
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Scheme 5
[00215] Branched poly(N,N-dimethylallylamine) (b-PDMAAm) was synthesized by free

radical polymerization of IN,N-dimethylacrylamide (DMA) iin the presence of difunctional
resulting polymer to b-PDMAAmM with llithium aluminium hydride (LiAll-U).

[00216] Synthesis of branched poly(N,N-dimethylacrylamide) was described before by
F. Isaure et al. (F. Isaure et at. (2006). Reactive and Functional Polymers, 66(1), 65-79. doi:
10.1016/j.reactfunctpolym. 2005.07. 009, incorporated herein by reference). The authors there
used different difunctional monomers (ethylene glycol dimethacrylate (EGDMA), diethylene
glycol dimethacrylate (di-EGDMA), tetraethylene glycol dimethacrylate (tetra-EGDMA)) and
CTA 1-dodecanthiol to initiate branching. It was shown in the article that crosslinking ¢an be
avoid by using a proper ratio between DM and CTA.

[00217] In the synthesis here, N,N'-methylenebis(acrylamide) (MBA) and
divinylbenzene (DVB) were used as crosslinkers and tert-dodecanthiol | as CTA at different
concentrations and ratios to control | degree of branching

[00218] Reduction of b-PDMA to b-PDMAAmM was carried out using the sariié method
as |-PDMAAm.. The resulting branched poly(N,N-dimethylallylamine) was dissolved in water
and purified. by dialysis (1 kDa MWCO tubing)..

[00219]| In one: embodiment,, DMA. (15 ml, 0.1456: mol),, AIBN(1/.97 mmoll or 1.46' mmol),

in toluene: (58 mL) andl added| to a 2501 mL flame: dried! Schlenk: flask.. The: mixture: was purged!

with, argon, and| heated| to andl maintained| at 70 °C, withi stirringi at 500 rpm.. After’ 6 hi, the: flask:
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was cooled to room temperature. The resulting polymer was purified from residual monomers
by triple precipitation into hexanes and dried in a vacuum oven at 50 °C for 24 h. For polymers
with DVB as a crosslinker, 0.73 mmol or 1.46 mmol of DVB were added instead of MBA. Feed

ratios and molecular weights of synthesized polymers are shown in Table 2.

Feed ratio (mol) [n] owmr
Sample Mw, kDa Mn,kDa D ks, a g’
AIBN  [CrosslinkerCTA cm®/g
A1l-linear [1.35 | 05 [185 8.0 2.3 0.131 [0.607 |
M-1 1.35 0.5 0.5 [150.3 16.9 8.9 0.114 [0.561 [0.87
[M-z 135 (0.5 1 60.4 7.08 8.5 [0.133 [0.396 1.0
|M-3 1 1 1 GEL
M-4 1 1 2 52.7 4.5 11.8 0.06  [0.691 [0.46
M-5 1 1 4 10.7 3.3 3.2 0.055 0.433 [0.42
M-6 1 2 4 49.0 4.1 11.9 0.104 [0.314 .79
lM-? 1 2 6 16.8 3.3 5.2 0.075 [0.337 [0.57
IM-8 1 4 8 75.2 3.3 23 [0.071 0.291 [0.54
M-9 1 1 3 20.8 5.9 3.5 [0.105 j0.4 [0.8
D-1 135 0.5 0.5 [52.0 5.1 10.2 0.109 [0.418 [0.83
D-2 135 (0.5 1 20.8 3.0 69 0.1 [0.578 [0.76
D-3 1 1 1 139.7 12.3 11.4 0.134 0.512 [1.0
D-4 1 1 2 26.5 2.5 10.7 0.084 0.371 0.64

Table 2. Characteristics of branched poly(N,N-dimethylacrylamide) polymers
[00220] It is expected that incorporating a degree of branching into PDMAAmM would
reduce the viscosity compared to linear PDMAAmM.

[00221] Different degree of b-PDMAAm branching was achieved by changing the DM
and CTA concentration in DMA polymerization mixture. Determination of reliable molecular
weights and branching degree of b-PDMAAmM using triple detection GPC with aqueous eluent
containing 0.3 wt. % LiBr and 0.3M formic acid was challenging. For this reason molecular
weights and branching degree were determined for polymeric precursors poly(N,N-

dimethylacrylamide) using triple detection GPC with DMF containing 1mM LiBr (Table 2).
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[00222]

the Mark-Houwink exponent a (shape jparameter) iis related to the shape and compactness ‘of

IFor determination of lbranching degree two |parameters were analyzed. IFirst,

a polymer iin @ given solvent, @ was calculated from imolecular weight dependence of iintrinsic
viscosity (Mark-Houwink equation) by triple detection GPC:

Nl = KM,,*
IUsually, 10.3<a<0.5 for |hyperbranched polymers and 10.5<a<1 for ia linear |polymer iin a good
solvent (S.B. Kharchenko et al. (2003). Role of Architecture on the 'Conformation, Rheology,
and Orientation Behavior of Linear, Star, and Hyperbranched Polymer Melts. 1. Synthesis and

Molecular Characterization, 36, 399-406. doi: 10.1021/ma0256486 ).

[00223] Second, the branching degree was calculated using intrinsic viscosities of
branched and linear polymers (Equation 2), where smaller g’ corresponds to higher degree of
branching:
,_ [
9 [m:]

The intrinsic viscosities and shape parameter a for b-PDMA were significantly lower than for =
PDMA indicating more dense, sphere-like conformation. In addition, g'’changed in awide range
(from 0.42 to 0.87) confirming different degree of branching of b-PDMA. It was possible to
obtain samples of b-PDMA with the same MW as I-PDMA, but with different degree of
branching (samples M-5, M-7, M-9).

[00224] It was observed that b-PDMAAm (reduced sample M-9) had lower osmotic
pressure in CO2 and in air than I-PDMAAm at different concentrations. It can be explained by
higher density of the branched molecule and lower interaction of polymer chains with water

compared with, - PDMA of the: same MW.,

[00225]|
[00226]|

Linear polymer Branched polymer
¢, wt.% | COg, bar | T AIR, bar [1r CO,, bar| 1 AIR, bar
5 2.7 0.36 21 -
10 6.2 1.5 4.7 -
20 19.5 1.93 15.5 -
30 46 4 25.5 2.2
35 59.7 6.7 - -

Table: 3. Osmotic: pressure: of -PDMAAmM and b-PDMAAmM

Synthesis; of Polv(N.N-(N'.N’-dimethylaminopropyl)allylamine) | PDMAPAAMI

PDMAPAAmM, was; also synthesized.. PDMAPAAmMI has: a similar N:C ratio to

PDMAAm,, but a different; structure.,
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Scheme 6
[00227] Poly(allylamine) was dissolved in DMSO. Subsequently 3-iodo-N,N-
dimethylpropylamine hydrochloride (2x excess) and potassium carbonate (3x excess) were
mixed in the solution at room temperature. The solution was stirred at 45 °C for 24 h (yield=
95%, conversion = 60%). The representative synthesis is shown in Scheme 7.
SN ke
n | n

K,CO3 NN
DMSO, 45 °C |

NH,

Scheme 7
It is appreciated that this method can also be used to create different aminoalkylation products
of poly(allylamine).
[00228] Synthesis of Polv(N-methylbutyleneimine) (PMBI)
[00229] This polymer is an isomer of PDMAAmM. Where PDMAAmM has the nitrogen

hanging off the polymer chain as a pendant group, PMBI has the nitrogen in the polymer
backbone (similar to I-PMEI). Testing the osmotic pressure of this polymer will reveal if the
structure of the polymer has an effect on osmotic pressure, or if it is predominantly the N:C
ratio.

[00230] A representative synthesis is shown in Scheme 8.
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o o)
KtBuO, phCOCI \V\/U\ a/
NH >
50 °C H n
LiAIH4
TMS (1 mol %)
THF
65 °C
W a/ H>CO, HCO,H W a/
N n - N n
| Reflux H
'Scheme 8

Pyrolidinone was initially dried at 80 °C under vacuum (0.3 torr). Pyrolidinone (14 mL, 0.2
mol) and tert-buroxide (1.0 g, 8.9 mmol) were added to a Schlenk flask and stirred at 50 °C
the |bubbling ceased, lbenzoyl chloride was added (0.2 g, 1.7 mmol) under reduced pressure
and reacted for 2 days. Poly(pyrolidione) was purified by dissolving in formic acid and
precipitating in acetone. Poly(pyrolidione) was dried under vacuum at 65 °C overnight (85%
yield).

[00231] Lithium aluminum hydride (1g, 0.03 mol) was dissolved in tetrahydrofuran (70
mL) in @ 250 mL round bottom three-neck flask under inert gas. The three-neck round bottom
flask was equipped with a condenser and a gas inlet. The final neck was plugged with a septa.
Poly(pyrrolidinone) (0.5 g) was then added to the flask with tetramethylsilane (1 mL, 7.3 mmol).
Reaction proceeded for two days under argon with vigorous stirring.. After the reaction was
complete, 2 mL of water was added slowly to the flask, followed by 2 mL of 15 wt.% NaOH
solution; in water, and, another 6 mL of water. The: mixture: was vacuum filtered.. The: solvent.
yield)._

[00232]] The: resulting, poly(butyleneimine), was: methylated via an Eschweiler-Clarke:

[00233]] Synthesis; of’ linear: polv(methylenimine)) [-oMEMN|
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R
/k MeOQTf HCI (xs) HaCOH,
N O CH,CN, reflux N"Jn HZ0, reflux n H,CO, reﬂux
d¢¢L\

[00234] Generally, linear-pMEI (1-pMEI) was synthesized via cationic ring opening

R

Scheme 9

polymerization of 2-ethyl-2-oxazoline, followed by acid hydrolysis of the polymeric amide to
poly(ethylenimine) (pEl) and Eschweiler-Clarke methylation to pMEIl (see above). Lower
molecular weight polymers (<10 kDa) were produced in acetonitrile at 75 °C over 3 days.
Higher molecular weight polymers were produced by using a solvent with a higher boiling point
(chlorobenzene, boiling point = 127°C), and increasing the temperature to 110 °C. After
methylation, care was taken to remove all formic acid from the polymer, as determined by
proton NMR, using a 300 MHz instrument (H-C peak from formic acid appears clearly at ~ 8
ppm in D20). This can prove difficult to remove as formic acid forms a salt with the amine [T.
Robert, S. M. Mercer, T. J. Clark, B. E. Mariampillai, P. Champagne, M. F. Cunningham and
P. G. Jessop, Green Chem., 2012, 14, 3053]. Samples of I-pMEI were made at 6, 9, 25, & 29
kDa.

[00235] More particularly, to a flame dried 250 mL Schlenk flask was added
chlorobenzene (120 mL) and 2-ethyl-2-oxazoline (30 mL). Resulting solution was heated to
and maintained at 130°C, and methyl triflate (80 uL) was added to the flask. Resulting solution
slowly turned from colourless to clear, dark orange. After 18 h, diisopropylamine (3 mL) was
added, and resulting solution was stirred for an additional 4 h. The solution was cooled to room
temperature, followed by dropwise precipitation in diethyl ether (cooled in an ice-water bath),
yielding a yellow solid. Resulting poly(2-ethyl-2-oxazoline) was dried under vacuum. The
poly(2-ethyl-2-oxzoline) (25 g) was dissolved in concentrated hydrochloric acid (70 mL) in a
250 mL round bottom flask. Resulting solution was refluxed for 18 h, and was dried under
vacuum until dryness, producing linear poly(ethylenimine) as an orange solid. The linear
poly(ethylenimine) (14 g) was added to a 500 mL round bottom flask equipped with a stir bar.
The polymer was dissolved in formic acid (120 mL) and 37% formaldehyde (80 mL) solution.
Resulting solution was refluxed for 48 h. Solvent was removed under vacuum, followed by

addition of one equivalent of concentrated hydrochloric acid (20 ml). Resulting solution was
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stirred {for :30 ymin, {then ssolvent ((water) \was rremoved wnder acuum. IResulting ‘solid \Wwas
dissolved jin 20 wt. % sodium thydroxide ssolution ((100 iml_). {Solvent wa3 tremoved lunder
wvacuum. [Resulting poly(N-methylethylenimine) was «issolved iin «chloroform (100 imL). ‘Salt
[precipitate (sodium chloride @and residual :sodium Ihydroxide) 'was iremoved Iby vacuum filtration.
Solvent was removed ifrom the filtrate under vacuum.

[00236] IFinal [linear jpoly(N-methylethenimine) |product ‘was |purified Iby ialysis (3.5 lkDa
IMWCO tubing) against MilliQ water. The polymer was dissolved iin @ minimal 'volume of water,
lplaced in sealed (dialysis tubing ;and immersed iin 3.5 IL of water. The 'water was exchanged ten
times, after a minimum residence time of 4 |h |per exchange. The IH INMR spectrum ‘matched
the spectrum jreported jin |R. Tanaka, M. IKoike, T. Tsutsui, T. Tanaka, ILinear [poly(n-
methylethylenmine) and related jpolymers, J. IPolym. :Sci. [Polym. ILett. [Ed. 16 (1978) '13-19
(doi: 10.1002/pol. 1978. 1301601 03). In one sample, Mw =25 kDa, Mn=8.9 kDa, D= 2.8. pKaH=
74+£0.2.

_[00237] Contrary to literature reports, it was found that Il-pMEI was a solid not a “viscous
polymer' [R. A, Sanders, A. G. Snow, R. Freeh and D. T. Glatzhofer, Electrochim. Acta, 2003,
48, 2247-2253.]. It was, however, highly hygroscopic and required a strong vacuurm (<0.01
mbar) to completely remove all water prior to doing an osmotic pressure measurement.
Commercially available branched PEI was also methylated using the same methods (33 kDa,
D=2.5).

[QQQSS]J The: GPC analysis. of I-PMEI was. performed| using THF as the eluent.. Samples:
were. prepared| at 4 mg/ml_ and| passed| through, a 0.2 pm filter' prior to injection.. The: samples:
were. analyzed| on a Waters. 2695. separation, module: equipped | withi a Waters. 410 differentiall
refractometer - and Waters, Styragel| HR (4.6. * 300 mm). 4, 3, 1 and 0.5 separation: columns- at

32 °C and| 1 mL/min, flow rate. The. GPC: was, calibrated| usingt PMMA monodisperse -

standards.
[00239]| Synthesis; of branched| polv(N-methylethylenimine) | rb-pMEII]
[00240], Branched| poly(ethylenimine) i (101 g was: added! tor @ 250 miL round! bottomed|

flask; equipped | with) & magnetic; stir bar and| aicondenser. .. The: polymer " was; dissolved| im formic:
acidj (40y ml) andj 37%, formaldehyde : solutioni (80) ml_).. Resultingj solution1 was; refluxed! with!

stirringj at:450) rpm., After-4i8; hy, solventtwas; removed] under-vacuum;, followed| by’ addition! of orie?
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{then the solvent (water) was removed wnder wacuum. [Resulting tsolid 'was dissolved iih 20 'wt.
% sodium hydroxide solution (55 iml_). ‘Solvent 'was iremoved wnder ‘vacuum. IResulting
tbranched poly(N-methylethylenimine) was «issolved iin chloroform, @ solid ‘salt ((sodium
chloride ;and excess sodium jmethoxide) 'was removed lby vacuum filtration. IResulting filtrate
was dried under vacuum. [Final oranched jpoly(N-methylethylenimine) |product was |purified loy
dialysis (3.5 kDa [MWCO tubing). lin one example, IMw=331kDa, IMn=13 kDa 0=2.5. [pKaH= 7.6
+ (0.2,

[00241] Synthesis of polv(N-methylpropylenimine) [iPMIPI]
ZnCl, (0.02 -0.05 eq.)
110°C, Ar
24h 3(9)
N 0H TN -
1
MeOTf
. PhCN
(i) c. HCl(aq)
reflux 120°C
HCO.H, H,CO (i) NaOH(aq) Y
reflux untilpH=9
N e N o N
| In %Ll n \A n
O
pMPI pPI _ 2
Scheme 10
[00242] Materials,
[00243]| Propionitrile. and' benzonitrile: were: obtained from Sigma-Aldrich.. 3-Amino-1-

propanol, anhydrous; zinc: (Il) chloride,, andl methyl trifluoromethanesulfonate : were: obtainedi

over activated| 4A molecular: sieves; for at least 24 hours . Benzonitrile: was driedl by stirring
over- CaCy, for- 18; h before distillation, under- reduced| pressure,, andl was: stored! over activated!
4A molecular-sieves., 1kDay MWCO: pre-wetted| regenerated cellulose: dialysisi tubing,, at 29mmi
diameter - and| for- temperatures; between, 4-122°C; (08-670-112D)) was: obtained! fromi Spectrumi
although. through, Fisher- Scientific.,
[00244]| Equipment:
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[00245] DMF GPC (UCSB):

[00246] Pump: Waters Alliance HPLC System, 2695 Separation Module

[00247] Detectors: Waters 2414 Differential Refractometer (RI) and Waters 2998
[00248] Photodiode Array Detector (PDA)

[00249] Solvent: DMF containing 0.01% of LiBr

[00250] Flow Rate: 0.3 mL/min

[00251] Injection: 40uL.

[00252] Columns for GPC-DMF: 2 Tosoh TSKgel Super HM-M columns

[00253] Standards: PMMA standards were used as calibrants

[00254] Aqueous GPC (Queen’s):

[00255] Model: Agilent Technologies 1260 Infinity 11 G7800A (Serial # GB17370004)
[00256] Pump: Agilent Infinity 1260 quaternary pump running in isocratic mode
[00257] Detectors: RI detector (Agilent MDS)

[00258] Solvent: Millipore water containing 0.3 wt% LiBr and 0.3 M FA

[00259] Flow Rate: 1.0 mL/min

[00260] Injection: 100pL.

[00261] Columns for GPC-DMF: PSS NOVEMA Max Lux analytical 3000A (8 x 300

mm), Serial # 8021953; PSS NOVEMA Max Lux analytical 3000A (8 x 300 mm), Serial #
8032891 L; PSS NOVEMA Max Lux analytical 100A (8 x 300 mm), Serial # 8021956

Standards: PPV standards were used as calibrants

[00262] Experimental details
[00263] Synthesis of 1 (2-ethyl-5,6-dihydro-4-W-1,3-0xazine)
[00264] The following references were the basis for the below synthesis: Bloksma et al.

(2012), Macromol. Rapid Commun., 33, 92-96 (doi:10.1002/marc.201 100587). Papadopoulos
et al. (1977). J. Org. Chem., 42 (14), 2530-2532 (d0i:10.1021/i000434a049L
[00265] Propionitrile (107 mL, 1.50 mol, 1 eq.) and zinc chloride (catalyst, 6.82 g, 0.05

mol, 0.033 eq.) were heated at 110°C for 2 hrs before 3-amino-1 -propanol (115 mL, 1.50 mol,
1 eq.) was added dropwise. After a reaction time of = 24 h, the reaction mixture was cooled to
room temperature and dichloromethane was added. The organic phase was washed 3 times
with water and once with brine. After removing the dichloromethane under reduced pressure,
the monomer 1 (see above) was further purified by distillation over barium oxide, forming a

colourless liquid when pure (116.5 g, 69% yield). IH NMR spectrum was consistent with

-57 -

SUBSTITUTE SHEET (RULE 26)



WO 2020/037432 PCT/CA2019/051166

lliterature |(Papadopolous etal., 1977, Table :2 [Entry {5). "’CINMR: tC {(100.6 IMHz, {CDCI3) "10.4,
21.8, 42.2, 64.7. miz (ESI: CHCI3) ffound “114.1 (100%) [MH-]

[[00266] |Polymerization ©f ‘1((via(CROP)
l[00267] ‘1:= poly(2-ethyl-5,6-dihydro-4-H-1 |, 3-oxazine)
[[00268] ‘The following references were ithe lbasis ffor fthe Ibelow ‘synthesis: ILorson tet ial.

(2017). Biomacromolecules, 18, :2161-2171. ((doi: "10.1021/acs.biomac.7b00481). IKobayashi
etal. (1990), Macromolecules, 23,:2609-2612. {(doi: '10.1021/ma00212a002).

L[002691 \Under dry and jinert conditions, :300.2 img ((1.83 immol, 1 equiv) Imethyl
trifluoromethanesulfonate and 62.1 g ((0.55 mol, ;300 equiv) of 1 were added to 114 ml. dry
lbenzonitrile (to facilitate dissolving '1.and enable formation of a Ihigh imolecular weight [polymer)
in a flame-dried jround lbottomed flask .at room temperature and |polymerized at 120 °C for 48
was being consumed, the reaction was stopped and allowed to cool to room temperature
before the reaction mixture was decanted and centrifuged at 4000 rpm for 40 minutes at Foom
temperature. Resulting solution was decanted from the residue using a pipette and the
benzonitrile removed under reduced pressure. The crude polymer was then dialyzed using
1kDa MWCO dialysis tubing over Millipore water for 5 days, changing the water every 12 h.
Finally, the water was removed under reduced pressure, affording polymer 2 (see above) as
an amorphous brown solid (61.7 g, quant. yield). §H (400 MHz, CDCI3) 1.14 (3H, b, CH2CH3),
1.81 (2H, b, CH2CH2CH2), 2.32 (2H, b, COCH2CH3), 3.32 (4H, b, CH2CH2CH2). GPC: DMF
(PMAA standards):: M,, - 24 970;; M, - 48 512 D = 1.94.

[00270] Reduction of 2 to form pPI [poly(propylenimine)]

[00271] The following references were the basis for the below synthesis, . and were used
to confirm characterization , data:: Tanaka. et al. (1983). Macromolecules,, 16(6), 849-853.
(doi10.1021/ma00240a003t ; Hu et al, (2008). Solid State lonics, 179, 401-408
(d0i:10.1016/i.ssi.2008.03.006t | ; Saegusa: et al. (1973). Macromolecules,, 6(4), 495-498 i
(d0i:10.1021/ma60034a004!  (all incorporated | herein, by reference).

[00272]| A mixture: of 5501 ml_ of concentrated | (37%)1 hydrochloric : acid,, 250' mL of water’

and| 40 g of’ polymer- 2. was; heated| at: 100 °C: for' 5 days.. The: hydrochloric : acid,, water’ and|
propanoic ; acid| were: then removed| by' distillation; under reduced| pressure.. The! remaining|
solution) was; made: alkaline: by adding) aqueous; NaOHI portion-wise : withi stirring| untill the: pHl

was; 8-9.. This; solution|was; cooled| to) room)temperature : andl left:for- 12! hours; before: the! solvent:
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was removed under reduced pressure. The remaining |polymer ‘was 'washed ‘with distilled ‘water
:and ithe final compound, polymer pPI, was dried ‘to give :32.1 (g ©of @niamorphous ‘orange-brown
solid. JH INMR :spectrum of ithe jpolymer imatched that of the literature (Hu et al, :2008; ‘Saegusa
etial, 1973 - :see IFig 7 of Hu et al.).

[[00273] IMethylation of :3{(formation of pMPI)
[00274] Eschweiler-Clarke reaction.
[00275] The following references were the basis for the lbelow :synthesis, and were lused

to confirm characterization data: Lambermont-Thijs et al. (2010). Polymer Chemistry, 1, 747-
754. (doi:10.1039/b9py00344dl .. Mason et al. (2010). Solid State lonics, 180, 1626-1632.
(doi:1:0.11016/i.ssi.2009. '10.0211.

[00276] 7.18 g of polymer 3 was dissolved iin 120 mlL of deionized water at 70 °C, to

which 405 miL of formaldehyde solution (37 wt% iin H20) and 200 mlL of formic acid were added.
Resulting :solution was |heated to and maintained at 105 °C for 48 h. After cooling to room
temperature, 220 miL of concentrated (37%) HCI was added. [Excess formic .acid, formaldehyde
and HCI was removed under reduced pressure and the remaining product was dissolved in
water. Aqueous NaOH was added until pH > 8 and the product was extracted with CHCI3.
Organic phase was removed by rotary evaporation and pMPI isolated as a viscous orange-
brown oil. This was then dialyzed using 3500Da MWCO dialysis tubing in Millipore water to
isolate the final sample of high A, pMPI (1.74 g, 19%): aqueous GPC (PPV standards): M, =
3672; M,,= 13 991; D = 3.81. H NMR spectrum matched that of the literature (Mason et al,

2010 -- see caption for Scheme 1 of Mason et al.).

[00277] Synthesis of Polv(N.N-dimethylvinylamine) fpDMVAmI

[00278] This polymer has a high N:C ratio, which may make this polymer advantageous
as a draw solute.,

[00279] Exemplary syntheses of pDMVAmM are shown in Scheme 11.

\ NaOH H,CO,H, HZCO
1formamade M reflux
9iPOH
HNW
o O
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N AIBN (2 mol.%) n
HN Formamide:iPOH HN
w 1:9 \”
O
NaOH
H,O
Reflux
H,CO, HCO,H
n - n
N Reflux
PN NH,
Scheme 11
[00280] In some embodiments, PDMVAmM was synthesized by polymerizing N=

vinylformamide via free radical polymerization, hydrolyzing poly(N-vinylformamide) (PVF) to
poly(vinyl amine) (PVAm), and then methylating [M. Yasukawa, Y. Tanaka, T. Takahashi, M.
Shibuya, S. Mishima and H, Matsuyama, Ind. Eng. Chem. Res., 2015, 54, 8239-8246,

incorporated herein by reference]. Samples of PVF were made at 20 kDa, 30 kDa, and 44 kDa.
[00281] In some embodiment, N-vinylformamide was passed through a basic alumina
column before use. Vinyl formamide (15 ml ), formamide (9 ml.) and isopropanol (81 mL) werée
AIBN (2 mol.%) was added to the flask, and the solution was subsequently heated to and
maintained at 65 °C and stirred under argon. After 4 h the crude polymer was dissolved in
water and precipitated| in acetone.. The: wet polymer was. dried in a vacuum oven at 65 °C
overnight.,

[00282] Poly(N-vinyll formamide) was. dissolved in water' in a round bottomed flask. The
flask: was; chilled! in an ice: bath while: sodiumi hydroxide: (2x excess,, 15 wt.% solutioni il water)!
was: added| slowly' to the: polymer solution.. The: polymer solutioni was: subsequently’ refluxed
overnight.. The: solvent: was: removed! under vacuum,, and! the: resulting) solidl was washed! with

1:1} acetone:ethanol.. The: undissolved| solidl was: separated| fromi the! liquidl by vacuum filtration..
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‘The solvent was rremoved from the lliquid wnder vacuum.. The Iresulting |poly(vinylamine) ‘was
ffurther dried iin @ vacuum oven iat (65 “AC overnight.

[00283] IPoly(vinylamine) (1 @) was dissolved iin'water (8 ImL) iand dioxane (15 ImL) iin @
jround |bottomed -flask. Acetic acid (6 iImL) was :added tto the flask, iand the ‘solution ‘was ‘stirred
for 15 min. INext, zinc dust (‘1.6 ) and finally formaldehyde :solution (37%, ‘35 ImL) 'weré added
to the flask. The solution was stirred at room temperature overnight. IResidual 'solid zinc was
filtered off from the 'solution. The |polymer was |purified from the salt impurities iin the same way

as the products of the [Eschweiler-Clarke methylation described |previously.

[00284] Synthesis of Polv(diallylmethylamine) [pDAMAmMI
\ / \ / n
1. HCO H, H,CO 1. AAPH, 75°C_
2. HCI 2. NaOH
N
N | N
Scheme 12
[00285] Generally, poly(diallylmethylamine) was synthesized by polymerizing

diallylmethylammonium chloride in water with AAPH [2,2'-azobis(2-methylpropionamidine)
dihydrochloride] [L. M. Timofeeva, Y. A. Vasilieva, N. A. Klescheva, G. L. Gromova, G: I.
Timofeeva, A, |, Rebrov and D, A, Topchiev, Macromol. Chem. Phys., 2002, 203, 2296-2304].
Diallylmethylamine was synthesized via an Eschweiller-Clarke methylation of diallylamine,
followed by addition of an equivalent of concentrated HCI.

[00286] More particularly, diallylamine (24 mL) was slowly added to a 250 mL round
bottom flask equipped with a magnetic stir bar, which stirred at 450 rpm, and a condenser.
Formic: acid (22 mL) was. added to the flask.. The flask. became: cloudy, andl the' resulting
reaction; mixture became: a dark orange: transparent: colour.. Formaldehyde: solution: (37 wt.%,
26.4. mL) was. added, and the: flask became  warm.. Resulting' reactioni mixture: was stirred! for
55 minutes,, andl then, was: refluxed| for' 27 hr at 100°C.. Resulting| yellow transparent: solution:
was; cooled| and hydrochloric: acidl (300 mL 37% wt)i was addedl dropwise.. Resultingl solution
became: cloudy.. Solvent: was; removed| under vacuum,, yielding} crude: diallylmethylammonium |
chloride., The: diallylmethylammonium | chloride: (42! g)was: dissolved| ini deionized| water’ (20 mL))

in a 250 mL round bottom flask: andl was: purged! withi argoni for' 200 min.. 2,2'-azobis(2--
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methylpropionamidine) dihydrochloride (AAPH, :3.306 (g) was added. Argon was bubbled
through the rresulting :solution for ;5 minutes. IResulting Ireaction imixture ‘was stirred :at 450 Irpm
at'75°C wunder argon. After 72 |nr, solvent was removed under vacuum. Resulting crude |polymer
was dissolved jin imethanol, then cooled iin an iice lbath. Sodium imethoxide (30 wt. % iin
methanol, 12 ml.) was added to the flask, iand the iresulting 'solution ‘was stirred at 450 Irpm.
After one thour, a light orange lliquid (polymer jproduct dissolved iin imethanol and ‘water) was
separated from a white |precipitate (sodium chloride) lby wvacuum filtration. IResulting
poly(diallylmethylamine) was dried under vacuum. Final product was purified by dialysis (3.5
kDa MWCO tubing).

[00287] Synthesis of Polv(tert-butylaminoethylamino methacrylate) (P(tBAEMA)) and

Reduced-polv(N,N-dimethylaminopropyl methacrylamide) (red-PDMAPMAmM).

[00288] These polymers include secondary amine groups, which are generally more
basic than tertiary amines. Without being bound to a particular theory, in general, the percent
protonation, and therefore osmotic pressure, increases with the polymers pK,. It i§
hypothesized that it is desirable as a draw solute for the amine group to be sufficiently bulky
so that carbamates are not formed. Carbamates will not increase the number of species in

solution in the carbonated form compared to the uncarbonated form, unlike bicarbonates.

[00289] P(tBAEMA) is commercially available. P(tBAEMA) is tested to see if higher
osmotic pressures can be achieved using secondary amines.
[00290] In some embodiments, red-PDMAPMAmM was synthesized as exemplified in
Scheme: 13.
LiAlH4

AIBN (1 mol. %) TMS (1 mol.%)

Toluene, 65 °C N THF, 65 °C n
O NH O NH NH

~ -
N N N
Scheme 13
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ININ-dimethylaminoethyl ~ jmethacrylate ((DMAPMAm) was sseparated tfrom finhibitors tby fpassing
iit |through @n jinhibitor remover (column. ‘The purified IDMAPMAmM ‘was Iplaced iinto @ fround
ibottomed fflask which thad jbeen vacuated fthen rrefilled with iargon ithree ftimes. THF 'Was @added
subsequently added fto fthe fflask. After “16 lhithe jpolymer 'was |precipitated “iihcold Ihexanes iand
dried jin ;@ vacuum ©ven at(6/5 “iC overnight.

[[00291] [Reduced-poly(N,N-dimethylaminopropy! Imethacrylamide)  ((red-PDMAPMAm)
was |prepared |by reducing [PDMAPMAmM with IUAIH4, following ‘the |procedure described for
[poly(pyrolidinone)  above.

|_[00292]7 The synthesized red-PDMAPMAmM ‘was tested.

[00293] The osmotic ppressure of red-PDMAPMAmM  lunder 'CO2 was 5.3 lbar @t 20 wt.%.
The osmotic |pressure of IP(tBAEMA) under CO2 was 6.8 lbar at 20 wt.%, and 11.0 bar at 30
had an osmotic_ pressure under CO2 of 16 bar at 20 wt.%. Without being bound to a particular
theory, a possible explanation for this phenomenon is that the secondary amines have a
greater hydrogen bonding ability than tertiary amines due to their NH bonds. Hydrogen bonding

between the polymer and bicarbonates or other polymer chains could result if lower osmotic

pressures.
[00294] Synthesis of Poly (A/,Al,Al" N-tetramethyl-2-butene-1.  4-diamine) _(PTMBD)
[00295] This polymer is a modification of CC>2-switchable polymer PDMAAm by having

an additional : pendant group.  Without being bound to a particular theory, . it i§ hypothesized that
this polymer will| provide an approach to enhancing the forward osmosis (FO) process™ by
increasingi\ the. osmotic . pressure : (11y (double : the: number "of 3° amine ' groups™ to bé protonatéd)“‘
relative - to linear PDMAAmM at the same - chain length | and| therefore : possibly ‘the $ame™ viscosity. .
The, increased | number of tertiary -amine :groups ; per' monomer " unit:compared o PDMAAm icould]
generate . g higher ' 1rcoz by increasing | the: number *of bicarbonate :counterions  ifl water. .

[00296] | The: synthesis ; of PTMBD | isi exemplified | in Scheme ! 14. Alil reactions ; were”
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Scheme 14. Conditions: (i) THF, argon at 0 °C (1hr), r.t. (12 hrs); (ii) 170 °C, argon (19 hrs);
(iii) THF, argon at 0 °C (1hr), r.t. (48 hrs), 15% NaOH (aq).
(E)-/IV,ALAIN'-tetramethylbut-2-enediamide (1) was prepared in step i by the dropwise addition
of fumaroyl dichloride (2.127g, 0.014 mol) into a solution of dimethylamine (35ml_, 0.07 mol,
2M) in tetrahydrofuran (50 ml) at < 0 °C over 1lh. The reaction mixture was then allowed to
warm to room temperature (r.t.) and stirred for 12 hours. The mixture was then filtered and the
residue was washed with chloroform (35 mL). The filtrate was collected, and the organic
solvent (chloroform and tetrahydrofuran) was removed under vacuum to give crude 1. The
monomer was further purified by two-solvent recrystallization using chloroform and diethyl
ether, resulting in the formation of a light brown crystalline solid (67% yield). The 3C-NMR
spectrum was consistent with literature (Matsumoto, A., Fukushina, K., Otsu, T. (1991).
Synthesis of Substituted Polymethylenes by Radical Polymerization of N,N,N,N-
Tetraalkylfumaramides and Their Characterization. J.Polym. Sci:Part A: Polym.Chem., 29,
1697-1706, 1991. DOI: 10.1002/pola. 1991.080291203, incorporated herein by reference). H
NMR (300 MHz, CDCl,): s = 7.35 (2H, s, CH), 3.16 (6H, s, N(CH)), 3.06 (6H, s, N(CH)). m/z
(EI-MS: 70 eV, in CHCIy): found 171.11 (100%) [MH+], C8H14N202 requires 170.1 1 (100.0%),
171.11 (8.7%). Crystal and refinement data for (E)-/V,/V,Al',Al'-tetramethylbut-2-enediamide:
C8H14N202, formula weight = 170.21, a = 7.3696(8) A, b = 5.6268(5) A, c = 11.3475(12) A,V

= 446.44(8) A3, Space group P2i/n.
[00297] Poly (/V,A/,Al',Al-tetramethyl-2-butene-1, 4-diamide) (2) was synthesized in step
i (E)-AlLALAI'Al'-tetramethylbut-2-enediamide  (2.25g) and dicumyl peroxide (2.2 mol %,

0.0786g) were added to a Schlenk tube. The reaction mixture was heated at 170 °C under
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nitrogen for 19 hours before being allowed to cool to room temperature. The crude mixture
was dissolved in 30 mL deionized water and transferred to 1 kDa MWCO dialysis tubing which
had been sealed at one end. The crude mixture was then dialyzed over deionized water for 3
days, with the water being changed every 12 hrs. The solution within the dialysis tubing was
collected and the water removed from this mixture under reduced pressure, affording polymer
2 as a black amorphous solid (0.071g). GPC: A71W = 1314 kDa; M, = 534 kDa; D = 2.5.
Electrospray mass spectroscopy (ESI) was used to investigate the structure of polymer 2. The
mass spectroscopy data is consistent with the desired structure: several peaks were observed
and the distance between the isotopic peaks correspond to the mass of a monomer unit
(Distance between the peaks for doubly charged ion, MW _,: 85.05249).

[00298] PTMBD (3) was synthesized by step iii: Lithium aluminium hydride pellets (2
pellets, 1.3 g) were added to a solution of polymer 2 (0.98 g) in anhydrous THF (25mL) and
chloroform (5mL) under argon < 0 °C. This mixture was stirred under these conditions for one
hour before being allowed to warm to r.t. The reaction mixture was then stirred for an additional
48 hrs under these conditions. To recover the polymer from the reaction mixture, the reaction
mixture - while in a glass vessel, was placed in ice and maintained at 0 °C. Water (1.3 ml) was
slowly added to the reaction mixture before 15 % aqueous sodium hydroxide (1.3 ml) and an
additional 3 mL of water were added (Fieser workup). This mixture was allowed to warm to r.t.
and stirred for an additional hour. Anhydrous magnesium sulfate (0.2 g) was added to
precipitate out any lithium aluminium hydroxy salts before the mixture was filtered and the
filtrate collected. The solvent was removed from the filtrate under vacuum, affording polymer
3 as an oily viscous light brown fluid (0.51 g).

[00299] Synthesis of dendrimers

[00300] Without being bound to a particular theory, CO2 switchable dendrimers
containing tertiary amine groups are anticipated to be monodispersed, spherical
macromolecule with highly branched structures. Each dendrimer is expected to have an
intrinsic viscosity nearly the same as the solvent in which it is dissolved, regardless of the
dendrimer M, (Caminade, A-M. Yan, D., Smith, D. K. (2015). Dendrimers and hyperbranched
polymers. Chemical Society Reviews, 44, 3870-3873. DOI: 10.1039/C5CS90049B; Zhao, D.,
Chen, S., Wang, P., Zhao, Q. & Lu, X. A Dendrimer-Based Forward Osmosis Draw Solute for
Seawater Desalination. Ind. Eng. Chem. Res., 53 (42), 16170-16175. DOI: 10.1 021/ie5031 99;
incorporated herein by reference). We anticipate that these dendrimers will be easily and

highly soluble in water. Similarly structured dendrimers such as Astramol dendrimers (DAB-
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«dendr-(NH3)x) were ffound ftto tbe thighly ssoluble iin water wp fto generation ‘5 {(Zhiryakova, V.,
IMjlzumrudov, ,A. V. Water-Soluble [Polyelectrolyte  (Complexes  (of iAstramol
fPoly(propyleneimine) [Dendrimers with Poly(methacrylate) .Anion. J. IPhys. (Chem, 118((47),
+13760-13769. [DOI: “10:1021/jp508960h, iincorporated therein thy freference). The tdendrimer
draw solution jis iexpected {to @enerate i lhigh osmotic |pressure at thigh tconcentrations i fthe
jpresence of (CO , Ibecause («of ithe llarge inumber «of iamine groups iin tsolution.

[[00301] ‘Two dendrimers :are synthesized, iincluding INYN"-(butane-1,4-diyl)bis(N 1-(3-
(dimethylamino)propyl)-N 3IN3-dimethylpropane-1 ,,3-diamine) (DGEN1) iand INYIN",NTINT"
1((Butane—1,,4—diylbis(_azanetriyl))tetrakis(propane-3,1—diyl))tetrakis(N 13
(dimethylamino)propyl)-N 3 IN3-dimethylpropane-1 ,,3-diamine) (DGEN2).

[[00302] IRepresentative syntheses «©f the two dendrimers are 'shown iih 'Scheme 15.

j‘?

c

N

i
HZNNNHQ*\—-CN SIS
N

L
- N~_N =
N NH ’ ’
KN

KN N, i
N

7 6 "8

NaOH(aq)..
[00303]] IV,IV,IV'IV'-Tetrakis(2-cyanoethyl)-1,4-diaminobutane: (5) was synthesized! i
step i; Acrylonitrile ; (53 ml) was; added| dropwise: to a solution: of diaminobutane ' (8.811g} i 100
m| of water- under inert: conditions.. The: reactioni mixture: was: heated! at 80 °C for' 1 hr. Excessi
acrylonitrile: was; removed| asi a water' azeotrope: under vacuum.. The: polypropylenimine
dendrimer - (5)) was; obtained! as an oily’ viscous: light-yellow' solutiont (27.56g,, 92% yield)..
G NMR! (4001 MHz, CDCll3) & = 16 (CH2CN), 24 (NCH2CH2CH>CH:N), 49 (NCH2CH:CN), 53
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[00304] NIN"-(butane-1,4-diyl)bis(N *-(3-aminopropyl)propane-1 ,3-diamine) (6) was
synthesized iin step i from 5: [For the reduction of the nitrile groups, dendrimer 5 (3 g) was
dissolved iin :anhydrous THF (200 ml) iin a two-neck rround lbottomed flask with acondenser ‘and
argon iinlet system. |Reactions were performed wunder an iinert iatmosphere of argon. ILiA LH4
(3.1 g) was dissolved jin anhydrous THF (30 iml) and ‘added to the dendrimer via a cannula
using llow pressure iinert gas. The rreaction mixture was stirred and lheated at-40 °C for 12 lhrs.
A second amount of IL1AIH4 (1.5 @) iin THF (15 ml) was added to the reaction mixture and 'heated
for an additional 12 hrs. A final amount of UAIH, (1.7 g) in THF (20 ml) was added and the
reaction mixture heated for an additional 12 hrs. Then, the reaction mixture was added
dropwise to ice-water and stirred continuously for 12 hrs. The reaction mixture was filtered and
dried under vacuum at 50 °C for 12 hrs.

[00305] DGEN1 (7) can be synthesized as the following: For the alkylation of primary
amines, the Eschweiler-Clarke method is proposed. The formic acid will be cooled iin ice and
added to the dendrimer 2. The solution will be stirred for 15 minutes and formaldehyde (37 wt
% in H20 solution) and formic acid will be added. The reaction mixture will be refluxed for 12
hrs. After cooling the reaction, 1equivalent of concentrated hydrochloric acid per amine groups
will be added and the reaction mixture will be stirred for 15 mins. The solvent will be subject
to rotary evaporator to ensure complete removal of formic acid, HCI and formaldehyde. The
crude product will be dissolved in concentrated sodium hydroxide solution while cooling in an
ice bath and stir for 15 min at room temperature (RT). Solvent will be removed under vacuum.
For the purification, the crude product will be dissolved in acetone and the salts removed by
vacuum filtration., The process. will be repeated until the salts were completely removed..
[00306] DGENZ2: (8) synthesis:: Higher' generations . of dendrimers: will be prepared! by
repetition, of all the above: steps. (iii,iii) consecutively,, with: increasing quantities . of acrylonitrile
(to form the: cyano-compounds) ' UAIH4 . (to form the: 1°amine),, followed! by methylation: withi an
appropriate : methylating| agent. (to methylate: the: 1> amine: groups)..

[00307]| Osmotic: Pressure: Measurements .

[00308] | Water spontaneously ‘moves.from an area of low solute  concentration 1to an area
of high solute: concentration.. More: specifically,, water  spontaneously moves from an area of
highiwater' chemicall potentiall toran areai of low water' chemicall potential.. The: chemicall potentiall
of water- is; lowered| by factors; suchi as; highi solute: concentrations ; (i.e.. molecules: per- litre: of
solutioni or molecules: per kg of water)) or the: presence: of hydrophilic: or hygroscopic : materials:

suchias species;that:are: polar, hydrogen-bonding jand/orionic.. Suchi hydrophilic: or hygroscopic:
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irequired ito jprevent water ffrom ftravelling :@cross i@ ssemi-permeable Imembrane im fthe
energetically jpreferred (direction. "To:affirstapproximation, iignoring «contributions (of thydrophilic
©r thygroscopic jmaterials, smotic jpressure iis iapproximately jproportional fto tthe thumber tof
,s_pecies iinsolution. ‘The simplest jmodel for osmotic pressure iis tthe van't IHoftfformula ((equation
l) where /jis ithe wan't [Hoff coefficient:

[00309]  n=iRTC (1)

[[00310] ‘The wvan't |Hoff equation only :applies fto iideal 'solutions {(i.e., lowconcentrations,
weak jintermolecular forces, weak solute-solvent iinteractions). ‘This equation does Inot take iinto
account solute-solute ;and solute-water ijinteractions ‘which can iincrease ot decrease ‘osmotic
[pressure.

[00311] Osmotic pressure decreases as the strength of :solute-solute iinteractions

R. Harris, P. J. Dunlop and J. Dunlop, 1967, 71, 1965- 1968]. The carboxylic acid molecules
interact less with the solvent, and behave more like a single aggregate than two distinct
molecules.

[00312] Osmotic pressure increases as the strength of solute-solute interactions
decrease and solute-water interactions increase [M. Cho, S. H. Lee, D. Lee, D. P. Chen, 1. C.
Kim and M. S, Diallo, J. Memb. Sci., 2016, 511, 278-288]. Many polar aprotic polymers aiso
than small molecules. As a large molecule, a single polymer chain has more interactions with
the solvent: per molecule than a small molecule [C. J. Van Oss, K. Arnold, S. Ohki, R. J. Good
and K, Gawrisch,, J, Macromol., Sci. Part A - Chem., 1990, 27, 563- 580]. Thus. the osmotic
pressure; of & single: polymer- molecule: is. larger thani a comparable: smalll molecule: due: fo the!
sheer number of interactions; the: polymer  can have: with: the: solvent..

[00313]| It has; been; shown, that: osmotic: pressure: is: affected! more: by the: strengthi of the!
polymer-solvent: interactions; than, molecular: weight.. This: is especially’ frue: at high
concentrations ; (above: a criticall concentration,, which) cani be: measured|! by viscosity)) where: the!
chains; (for- polar- aprotic; polymers).. Ini response,, the: polymer- draws; more: water’ to) itself to

decrease: repulsion,, thus; increasingj the: osmotic: pressure.. Im dilute! solutions,, polymer' chainsi
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are separated ffrom each other, :so fthe osmotic jpressure iis llower. (Consequently, ‘the tosmotic
[pressure (of jpolar :aprotic |polymers iin |polar :solvents woften iincreases iexponentially 'with
concentration, :and lhas :a decreased dependence oin imolecular ‘weight ‘than iis |predicted from
the van't [Hoff equation.

[[00314] ‘Osmotic pressure «can |be imeasured |by freezing |point, 'vapour |pressure, ‘o
)membrane osmometry [[A. ‘Grattoni, ‘G. ‘Canavese, IF. M. iMontevecchi :and IM.. IFerrari, Anal.
Chem., 2008, 80, 2617-2622, iincorporated herein lby ireference]. The membrane osmometry
was wused |herein. While membrane osmometry measurements Irequire imore 'samples than the
alternatives, they are more accurate :as they measure the osmotic |pressure directly rather than
relying on thermodynamic approximations and assumptions [[A. Grattoni, G. Canavese, F. M.
Montevecchi and M. [Ferrari, Anal. Chem., 2008, 80, 2617-2622, incorporated herein lby
reference]. Furthermore, freezing point osmometry, the most popular alternative, iis potentially
flawed for measurement of osmotic pressures of carbonated solutions, as CO , will leave the
solution as the solvent is frozen, resulting in a measured osmotic pressure being lower than
the true osmotic pressure at room temperature.

[00315] The membrane osmometer used was designed by Alessandro Grattoni [A.
Grattoni, G, Canavese, F. M. Montevecchi and M. Ferrari, Anal. Chem., 2008, 80, 2617-2622,
incorporated herein by reference]. The polymers are lyophilized to ensure that they aré dry
before taking measurements. The setup consisted of two half cells filled with a draw solution
and a feed solution (Milipore water, resistivity 18.2 mQ) separated by a RO membrane on a
porous support disk (see FIG. 8). In some embodiments, the RO membrane is Dow BW30
membrane.. The half cells were washed three times with Milipore water before use, and the
support disk was soaked in water for > 1 hr before use. Solutions were carbonated by bubbling
CO2 through a 22G needle at (~10 bubbles/second) for >8 h. To set up a measurement, the
two half cells. were screwed| tightly together,, and each half was. filled with the appropriate:
solution., The: draw solution, side was connected! to a digitall pressure transducer (Omega
USBH, 0-100 bar) andl sealed, while: the: feed! solution: was openi to atmospheric pressure. The:
pressure: on the: draw side: was: continuously  monitored! untill no further' change: was observed,
and was then monitored| for a further' 30 minutes,, after whichithe: measurement: was stopped!
and the: osmometer' was: disassembled..

[00316]| Before: measuring) osmotic: pressures; of polymer- solutions,, a smalll molecule!
was; tested, to demonstrate: the: principler of switchable: osmotic: pressure. 1-[Bis[3-

(dimethylamino)propyl]- - amino]-2-propanol | was: choseni as the: candidate: molecule,, as it was
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readily ;available and jits switchability thad tbeen jpreviously sstudied [[S. IM..IMercer, [Ph.D. fthesis,
Queen’s |University, [Department (of (Chemistry, :2012, iincorporated Iherein loy treference]. The
©osmotic pressure (of ;20 wt.% :solution ‘was ffound fto lbe :23.3+0.3 Ibar iin the iabsence tof (CO2
and 15943 |bar jin tthe jpresence (of CO2. This jis comparable fto 'what iis jpredicted from fthe ‘van't
[Hoff formula ((19.5 |bar :and !58.5 |bar respectively, @assuming ftwo IN iatoms |per Imolecule ‘were
Iprotonated iin the |presence «©of ICO2).

[[00317] ‘The osmotic jpressure [being tripled under (CO ,'suggested that two Ibicarbonates
were formed. [lt- was considered ithat the ithird initrogen atom was inot [protonated lbecause fthree
carbon atoms are not sufficient to jinsulate an IN atom from the electronic effects caused by
[protonation of the neighbouring IN atoms. When ian amine iis protonated iit becomes |positively
charged, and this positive charge can decrease Ibasicity of any unprotonated amines
connected to jt (by induction and electrostatic repulsion). lin this case, without wishing to lbe
bound by theory, it was considered that the terminal amines were most basic, and were
consequently protonated first. Their protonation would have then decreased the basicity of the
central amine, so that jit could not be protonated under 1 atm of CO2. As a result, it was
considered that just two out of the three amines were protonated. If a N atom in an amine is
sufficiently far away (e.g., >4 carbons) from other basic N atoms, then it will be largely
unaffected by the electronic effects cause by the protonation of its neighbours. This is
consistent_with previous work [S. M. Mercer, Ph.D. thesis, Queen’s University, Department of
Chemistry, 2012, incorporated herein by reference].

[00318] Osmotic pressures of 20 wt.% solutions of b-PEl, b-PMEI, [-PMEIl and
PDMAAmM were measured in air and in CO2 (see FIG. 9). The b-PEl, b-PMEI, I-PMEI had
molecular weights of 25 kDa, 33 kDa, and 9 kDa respectively, and PDMAAmM had a molecular
weight: of 24 kDa.,

[00319] [t was. observed: that the. measured. osmotic: pressures. in air of these: polymeric:
materials, were, higher than, was, predicted| by the. van't: Hoff equation,, in contrast: to the: smalll
moalecules; (see: above)., Without: wishing to be: bound| by theory,, it was: considered | that: this: was:

due; to strong, hydrogen, bonds; between| a polymer: andi water,, and weak. polymer-polymer -

intermolecular -forces.,

[00320]] It was; observed,, surprisingly,, that: PDMAAmMI hadl a highi ratior between the:
asmotic; pressure: inf CO2, and| the: osmotic; pressure: in air. PDMAAm hadl the: lowest: osmotic:

pressure: in air- compared| to the: other- polymers; tested.. The: osmotic: pressure: in CO2: of’
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[PDMAAm, jhowever, was thigher ithan ithat ©of Ib-PMEI, ias sshown iin Table «4.. This tsurprising
iresult isuggests ithat [PDMAAm jis iadvantageous ffor [FO jprocess ((when IPDMAAmM iis iionized)

followed |by RO jprocess (when [IPDMAAM iis ineutral) fto recover fthe IPDMAAM 'solution, ‘which

Palymer Tcoy 20%/bar

PAAm 3.6

b-PEI 110

b-PMEI 1150

‘PDMAAmM 195
Table 4

Without wishing to |be jbound |by theory, this lhigher osmotic jpressure iin CO2 was considered to
potentially be a consequence of (i) the relatively higher basicity of PDMAAmM (see Example 2)
and the resulting lower % protonation, and/or (i) iion pairing. lin respect of iion pairing, it was
considered that the polymeric structure of PDMAAmM may result in a increased distance
between switchable moieties (i.e., amine groups), thereby discouraging bicarbonate
dimerization (see Example 4). It was considered that the osmotic pressure iin CO2 would
increase with higher loadings of polymer.

[00321] PDMAAmM has a lower nitrogemcarbon ratio as compared to PMEI (1:5 versus
1:3), making it relatively more hydrophobic. As a result, PDMAAmM may have relatively weaker
interactions with water, decreasing its osmotic pressure in air. While a high nitrogen :carbon
ratio is desirable for achieving a high solubility and osmotic pressure in CO2, it may have a

negative effect on the osmotic pressure in air; and as such, a balance is desirable.

[00322] It was observed that both b-PEl and b-PMEI has higher osmotic pressures in
air than, was. expected| from theory., It was. considered| that the osmotic. pressure: of polymeric
amines. may' be higher in air than, predicted| due: to the: protonation of amines in water,, whichi
results. in, hydroxide. anions., In,a 20 wt.% solution, of I-PMEIl in neutrall water,, less than 1% of
the: amine; groups; are: expected| to be: protonated| (based| on its pK, of 7.28) [Y. Fukuda, D.
Abe, Y', Tanaka,, J, Uchida, N, Suzuki,, T, Miyaii andl Y', Sasanuma,, Polym. J., 2016,, 48, 1065-
1072, incorporated | herein by reference].. Hydroxide: formation | was; therefore : not: expected! to
significantlyﬁ -affect:the; osmotic: pressure: of PMEIl in air.,

[00323] | It: was; observed| that: the: osmotic ; pressure: of b-PEIl ini air was: higher thani that:

oft b-PMEI, . This; was; likely' due: toy the: fact: that; b-PMEI| was; dialysed| after methylation,, whichi
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removed any low molecular weight chains (<1 kDa). As a result, there would be fewer species
in solution per gram of polymer. In addition, b-PMEI has a larger molecular weight than b-PElI,
meaning that a 20 wt.% solution of b-PMEI contains fewer chains per litre than a 20 wt. %
solution of PEI (6 mM vs. 8 mM).

[00324] It was considered that the higher osmotic pressure in air of b-PEIl vs. b-PMEI
may also be due to their different structures. Osmotic pressure increases with the strength of
polymer-water interactions. b-PMEI only contains tertiary amines, and can therefore only
accept hydrogen bonds with water through the lone pair on the nitrogen. In contrast, b-PEI
contains primary, secondary and tertiary amines (in a 1:2:1 ratio), and can therefore both
accept and donate hydrogen bonds with water. Due to the presence of primary and secondary
amines, b-PEI also has the ability to hydrogen bond with itself. Strong solute-solute interactions
cause osmotic pressure to decrease [J. R. Vanderveen, S. Burra, J. Geng, A. Goyon, A.
Jardine, H. E. Shin, T. Andrea, P.J. Dyson and P. G. Jessop, ChemPhysChem, 2018, 1-9,
incorporated herein by reference]. However, it was considered that the strongest hydrogen
bonds in the system may occur between the O-H of water and a N in b-PEI. Therefore, even
though b-PEI can hydrogen bond with itself, it was considered that the hydrogen bonding
between the polymer and water would be stronger, particularly at relatively low polymer
concentrations. In addition, due to the branched structure of b-PEIl, polymer-polymer
intermolecular interactions were not expected to be strong. Therefore, despite its self hydrogen
bonding ability, the osmotic pressure of b-PEl was higher than theoretically predicted.
However, b-PEI may begin to hydrogen bond with itself more as a solution becomes more
concentrated. While osmotic pressure will increase cubically with concentration, such intra-

molecular hydrogen bonding may cause such an increase to be lower.

[00325] It was observed that the osmotic pressure of I-PMEI in air was higher than that
of b-PMEIL. It was considered that this may be due to their different molecular weights (9 kDa
vs. 33 kDa), as with b-PEI and b-PMEI. Alternatively, it was considered that the difference was
due to their different structures. Branching may decrease osmotic pressure by decreasing
water interaction with a polymer, due to increased steric hindrance. Osmotic pressure will also
be lower if polymer chains encounter less repulsion from each other; since branched polymers
have a decreased hydrodynamic radius, they likely experience less repulsion than their linear
counterparts at the same concentration. Under CO2, osmotic pressure of the amine polymers

was expected to be dominated by bicarbonate anions. Asthere were the same number of units
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of [protonatable nitrogen @atoms iin Ii- iand Ib-PMEI, fthe osmotic |pressures iin (CO2 iat the ‘same
weight percent were expected to [be comparable. [However, tthe observed osmotic [pressure iin
(CO2 of I-PMEI 'was |higher than that of lb-PMEI. ‘Osmotic |pressures ©of lb-PMEI iand I-PMEI ‘were
tested at lhigher concentrations (35 wt.% :and 30 'wt.% respectively; see IFIG. 10). lit was

observed that the osmotic pressures of I-PMEI were consistently lhigher than fthat of lb-PMEI.

[00326] IExample 2 - Osmotic Pressures of Switchable IPolymer IDraw ‘Solutes for
[Forward ‘Osmosis

[00327] The polymers considered were linear poly(N-methylethylenimine) (I-PMEI),
branched poly(N-methylethylenimine) (b-PMEI), linear-poly(N-methylproylenimine) (PMPI),
and poly(N,N-dimethylallylamine) (PDMAAmM):

PMPI PDMAAmM I-PMEI b-PMEI

N%W gk S

/"[\/N\/\N/\/Nv’\N"\/N\/}'\N

| N

\N/\,N\/\N/
I |
Scheme 16
[00328] Experimental
[00329] Detailed synthetic procedures were as outlined in Example 1. Obtaining reliable

reoccurring challenge.. It has been considered that this is due to the highly polar nature of the
polymers, and interactions with the GPC columns. Samples were run at 1 mg/ml_in 0.3 wt.%
LiBr and 0.3M formic acid in HPLC grade water. The GPC was calibrated with PVP standards..
Molecular weight: and pK_, of the above-delineated  polymers. used as measured! are listed i
Table 5;

Polymer Molecular Weight/ kDa pK.4
b-PMEI 33t 7.6+0.2
[-PMEI 9 7.4 +£0.2
PMPI| 15 -

PDMAAM 42, 7.72.+0.06
Table: 5
[00330]] Unless; otherwise: specified,, these: values: were: measured! ini lab..
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[00331] ‘Osmotic_[Pressure Measurement
[00332] Osmotic |pressures of I-PMEI, Ib-PMEI, IPMPI, iand PDMAAm weré imeasured at
various concentrations following ‘the |protocols outlined iin [Example 'L.'Some Iresults ‘weré as

follows:

IPolymer '‘Osmotic _|pressure jin '\CO2/bar '‘Osmotic |pressurewiin air/bar  ILoading/wt.%

b-PMEI 55 '18 35

I-PMEI 69 26 30

PMPI 18 6 20
PDMAAM B 46 _ 4 30

Table 6

[00333] Plots of osmotic pressure vs. concentration for each polymer is depicted in FIG.
11.
[00334] It can be seen that PDMAAmM has a much higher ration between the osmotic

pressure iin CO2 and the osmotic pressure in air.

[00335] Osmotic pressures of polymer solutions with loadings up to 35 wt.% weére
measured by direct membrane osmometry. Please note that PMPI was found to bé a
challenging synthesis, and only a limited amount was available and a full curve could not bé
measured. The observed positive cubic relationship between osmotic pressure and
concentration is typical of polymer solutions; the upwards curve is considered to bé due to
increased polar repulsion between polymer chains, which is heightened above a critical
concentration. The critical concentration is a concentration where polymer chains begin to
overlap : in solution. . It can/ be determined | by measuring | viscosities  of polymer ‘ solutions - with!
increasing | concentration. . The: criticall concentration | is the: point: where: a viscosity vs
[00336] | The. relationship . between . osmotic: pressure: andl I-PMEIl concentration 1 i$
presented | in FIG., 11a). The trend! of Ttair vs concentration : of PMEIl resembles : that: of PEIl and
PEG,, reported| previously in C.J.. Van/ Oss, K. Arnold,, S. Ohki, R.J. Good, K. Gawrisch,,
Interfacial | tension | and| the: osmotic : pressure - of solutions : of polar polymers,, J. Macromol.. Sci.
Part' A, - Chem.. 27 (1990)) 563-580. . doi:110.11080/00222339009349643 i and! B.M.. Jun,, T.P.N..
Nguyen,, S.H.. Ahn,, I.C.. Kim,, Y.N.. Kwon,, The: application 1 of polyethyleneimine :draw'solution! ini
a combined | forward | osmosis/nanofiltration | system,, J. Appl.. Polym.. Sci. 132’ (2015)} 1-9..
doi:10.1002/app.42198. . The: highest :trco2 measured | inithisi work :was: 67 bar’ at: 30 wt %, which|
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iis |high (enough {to tbe [promising ffor (desalination, tbeing i2.5 ttimes thigher tthan fthe tosmotic
jpressure of fthe common fbenchmark seawater ((27 lbar). lUnfortunately, II-PMEI ialso texhibits
|hi9h niair¢(26 {bar :alt ‘310 wt. ‘%), imaking iitllikely ftoo ienergy iintensive ttoIremove ffrom clean ‘water
by \UF. On average, the Tteo jis ;2.5 times ligher fthan tthe Tui; @t lhigh lloadings, @ iinsufficient
wratio -for jindustrial @applications.

[00337] The |highest ©osmotic |pressure iin (CO2 Imeasured 'was ‘with I-PMEI @t 30 'wtd,
which |had @ pressure (of {619 [bar jin (CO2 iand 26 lbar iin iair. ‘This osmotic [préssuré” iin (CO2
surpasses that of seawater |by a factor of 2.5. The |best Iratio of osmotic [pressuré” iin 'CO2 and
air was 15 with |PDMAAM at 20 wt%, (which exerted ia |pressure ‘of ‘15 lbar iin ‘CO2 and
;a_pproximatelyr 1 |bar jin air). |For comparison, amaximal osmotic |pressure of 46 lbar [[convertihg
from_ osmolality via the van't |Hoff equation, :at 20 "C as @an approximation] at 40 wt. % Was
previously reported for poly(N,N-dimethylaminoethyl methylmethacrylate) ~ (PDMAEMA) [Cai &t
at. (2013). Chem Commun, 49, 8377-8379, incorporated herein by reference]. The highest
ratio of osmotic pressure fin CO2 and air was observed to be approximately 5.5 at 20 wt. %
PDMAEMA. it was further noted that PDMAAmM exhibits a cloud point, which could facilitate its
removal after filtration, similar to PDMAEMA. The cloud point of PDMAAmM is approxirhately'
34°C under basic conditions. PDMAAmM does not exhibit a cloud point when protonated. -
[00338] The relationship  between osmotic pressure and b-PMEI concentration i
presented in FIG. 11b). Branching was expected to reduce both the Tlairand viscosity. I fact,
branched-PMEI  exhibited lower Ttz and Trcoz than I-PMEI. In addition, the TTcoz : Ti,irfor b-PMEI
is 3.5,, which | is higher than that: of I-PMEI. . Despite - the: reduction, . the  TTyir remains - high enough |
to be prohibitive -for: FO.,

[00339] | The. difference . in Tty and| Trcq. between | = and. b-PMEI | could | potentially ' bé:
attributed | to: their - different : molecular - weights, , percent . protonations, , Of structures. . However, .
while ; the: branched | and| linear - PMEI| had| different : molecular *weights ;s (Mw = 33 andl 25 kDa1
respectively),» _, both polymers ; also) had| large : dispersities, , making | the: difference : if molecular
Weigbts i less; significant. . Furthermore, , previous ; work . has; shown | that  the: effect : of molecular
I and| b-PMEI | have : similar - pKaH | values, , the: difference : ini osmotic : pressure  isi not: likely ' to) bé
d_u'e_;thQiffe[erjt,tdegirees ;of protonation. _ Rather, ,the:difference 5iinm'5;randlﬁcozzrﬁ‘ay'bebattrib’ute'd !
to) differences_; im the: polymer - structures. . Branching ) results ; im smaller * hydrbdyhamic  radii
compared {toytheir -linear -counterparts ;of’the:same molecular "weight, , resulting | il lower ‘oo rand|

T, @s; proposed | im C.J.. Van) Oss,, K. Arold, , Si. Ohki,, R.J.. Good, , K. Gawrisch, , Interfacial |
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{tension @and {the ©smotic pressure (of solutions (of jpolar fpolymers, J.iMacromol. Sci. iPart A ~
(Chem. 27 ((1990) 1563-580. (doi:1(0.1(080/00222339009349643 iand /A .‘Striolo, tOsmotic ‘second
wvirial coefficient for [linear ;and :star |poly(ethylene woxide), iPolymer (Guildf). 42 (2002) 4773-
A775. (doi:*10.1(0:16/s0032-3861 ((00)00649-2, iincorporated Iherein lby Ireference.

[[00340] [Iitiis worth noting ithat the “rrccs 'values of Ib-PMEI Ireported iin fthis ‘work @fe :20-30
% [lower tthan the osmotic jpressure of jprotonated Ib-PEI ireported iin IM..(Cho, ‘S.H. ILee, ID. ILee,
D.P. Chen, |I.C. |Kim, M.S. [Diallo, Osmotically driven membrane [processes: [Exploring ‘the
lpotential ©of [oranched polyethyleneimine as draw :solute wsing |porous IFO membranes ‘with INIF
separation layers, J. Memb. Sci. 511/(2016) 278-288. doi:10.1016/.memsci.2016.02.041 and
draw solution jin @ combined forward osmosis/nandfiltration :system, J. Appl. Polym. Sci. 132
(2015) 1-9. doi:10.1002/app.42198, incorporated herein by reference. A lower percentage of
protonation would result from using a weaker acid (hydrated CO ,) as opposed to the HCI used
inin M. Cho, S.H. Lee, D. Lee, D.P. Chen, I.C. Kim, M.S. Diallo, Osmotically driven membrane
processes: Exploring the potential of branched polyethyleneimine as draw solute using porous
FO membranes with NF separation layers, J. Memb. Sci. 511 (2016) 278-288.
doi:10.1016/j.memsci.2016.02.041,  incorporated herein by reference. Unlike HCI, CO2 can be
used to switch the polymer between the protonated and neutral states without accumulatihg
salts, but has the disadvantages of achieving a lower degree, i.e., lower percentage of
_protonation of the polymeric amine.

LOO341]: The. relationship  between , osmotic - pressure: andl PDMAAm concentration | iS
presented | jn FIG., 11c). In contrast to the: previous: polymers,, PDMAAm has an exceptionally -
low 11, and’ high, rco2r,,; ratio: of 10 between| 30-35:wt.%.. The: 1Tco2:TT, increases : with polymer
loading. At 35 wt.% PDMAAm exhibited | a t1.42 of 59.7 bar and| a T, of 6.0' bar.. Additionally, .
uncharg_ed | PDMAAmM exhibits ; a cloud| point; at 35 °C (over' 10 °C higher' thani the: temperature
of‘the: T- measurements), , which can, facilitate : the: removall of the: polymer ‘from1 purified| water..
[00342] | The, difference : in the: Tt exhibited | by PDMAAm | compared | to I-PMEIl may’ be
caused | by the: polymer’s ; percent ; protonation | under’ CO2, itsi structure : and/or " its: hydrophilicity. .
Although | PDMAAm, , compared | to I-PMEI,, has; fewer * protonatable : nitrogen 1 atoms i per’ grarn of
polymer, , they amines;; ittcontains ; are: more: basic,, andl consequently " have: a higher “degree, , i.e.,,
percentage : of’ protonation ) under- the; same: pressure ! of CO2, for: example,, 1 atm of CO2..

accessible »to) protonation ) (being j & pendant : off‘the: backbone) )thanithe: nitrogens s if both! I andl
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b-PMEI, which are hindered by the polymer backbone. Additionally, PDMAAmM has a lower N:C
ratio than PMEI (1:5 vs. 1:3 respectively) and is consequently less hydrophilic than PMEI. This
decrease in polarity can be noted by the polymer's higher log P values (Table 7). This

decreased hydrophilicity could lower the TT and therefore the T,k of PDMAAmM

uncha@ed polymer?

compared to PMEI. This illustrates the balance that must be achieved in the N:C ratio; too low

a ratio may give a low trco2, but too high a ratio risks an excessively high T ir.

Polymer* Log P Monomer Log P
PEG -6.11 EG 0759
PMEI 2.01 MEI 1.18
PDMAAmM 5.89 DMAAmM 2.03

Table 7. Calculated log P values T of studied polymers in their neutral form
t Log P values were calculated using ALOPGS 2.1 software.
# Log P values calculated for a decamer with methyl end groups.
[00343] One remaining limitaton of PDMAAmM as a draw solute is viscosity, which
increases above 25 wt. % (FIG. 12). Low viscosity is a desirable property of a draw solution.
High viscosities can reduce flux, increase concentration polarization, and increase the energy
required to pump the draw solution through the FO apparatus.
[00344] In order for a draw solute to be practical and effective, a high Tt , is desirable.
In some embodiments, the Ttrcoz2is over 15, 20, 30, 40, 50 or even 100 bar. It is worth noting
that as the concentration of the polymer increases (and consequently the pH of the solution),
the percent protonation of the polymer will decrease. This phenomenon s illustrated in Figure
5 where the measured osmotic pressures of I-PMElI and PDMAAm are plotted along side the
bicarbonate  concentration. It is clear that as the osmotic pressure is not increasing
proportionally ~ with the bicarbonate concentration and must be therefore dominated by the
protonated polymer chain.
[00345] A rudimentary estimation of Tt b N, can be calculated from the concentration
of bicarbonate present (G.N. Lewis, J. Am. Chem. Soc. 30 (1908) 668-683.
doi:10.1021/ja01947a002.), and the Lewis equation (equation 3) (A.K. Alshamrani, J.R.
Vanderveen, P.G. Jessop, Phys. Chem. Chem. Phys. 18 (2016) 19276-19288.
doi:10.1039/C6CP03302D.). At all concentrations, the measured TT1co2 is less than the
calculated Trbicarbonate. INtriguingly, the observed pH values of the solutions were close or equal

to the predicted pH values. This indicates that, while the number of bicarbonates predicted
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from ttheory are iindeed Ibeing fformed, ithose Ibicarbonate :anions iare Inot [producing @s lhigh @
rco2as expected. One possible explanation for ithis iis tthat tthe Ibicarbonates Imay Ibe engaged
iin iintermolecular jinteractions, 'which 'would ireduce ‘the r.» I[Examples ‘of these iinteractions
include strong iionic lbonding Ibetween the lbicarbonate and the icationic ‘amine, Ibicarbonate
Inydrogen [bonding with wnprotonated iamines, and Ibicarbonate dimerization. The llatter iis iakin
to the decreased osmotic pressure of lbenzoic iacid iin 'solution due to the dimerization ‘of
carboxylic ;acids iunits. [Dimerization and :strong iionic attraction may lbe similarly ‘enhanced
within the rrelatively inon-polar environment of the polymer coil. litiis expected that this effect iis

enhanced with polymeric amines, as the amines are fixed close together by the lpolymer

Ibackbone.
[00346] IDialysis
[00347] Dialysis was performed on each polymer sample to remove any residual salts.

It was observed that the molecular weight cut off (MWCO) in dialysis affected osmotic
pressures measured. Larger MWCO tubing removes more small chains, which is necessary to
help maintain the osmotic pressure of the switchable polymer as low as possible when in the
presence of air, as small molecules and oligomers can significantly contribute to the osmotic
pressure in the presence of air (e.g., the absence of an ionizing trigger). Therefore, osmotic
pressure in air of samples measured with three different MWCO tubings (1 kDa 3.5 kDa, and
10 kDa MWCO tubing) were found to be different. Previous work has shown that osmotic
pressures in CO2 will not be significantly affected by the presence of small chains, as it is
overwhelmingly caused by the bicarbonate anions.

[00348] While it is considered that all chains contribute approximately equally, 6h a per
gram basis, to osmotic pressure in the presence of an ionizing trigger such as CO2, smaller
chains contribute more to the osmotic pressure in the absence of an ionizing trigger,. such as
in air, As such, the: osmotic. pressure: in air may be lowered' by removing! smalll chains by
dialysis., Samples. of PDMAAmM were: dialyzed! with. 1, 3.5, and 10 kDa MWCO dialysis- tubing,.

and' their- gsmotic  pressures . in air were: measured,, as shown! in the table: below..

MWCO/ kDa Tlair, 20%/bar
1 25
3.5 1.8
10 0.8
Table: 8
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Allymeasurements were ftaken at ;20wt.% jin deionized water. [Dialysis ftime was tthe same ffor
allthree samples.

[[00349] it was ffound ithat wsing :a thigher IMWCO dialysis ftubing ffor ‘shorter periods tof
time was jmore (effective ithan (using ssmaller IMWCO ttubing ffor llonger jperiods ¢of time. ILower
©smotic |pressures with thigher IMWCO ftubing were :attributed fto lloss wof ‘salts iand llower
tubing, the more viscous they [became, iand ttook llonger to dissolve iin 'water.

[[00350] IDialysis tubing contains jpores of :a defined :size, or imolecular 'weight cut ©off
(MWCO). A tubing with -1lkDa [MWCO will retain any imaterials with ia imolecular 'weight greater
than -1 kDa. The |higher the IMWCO, the imore ssmall chains will Ibe llost from @ 'sample. This i
@lso a kinetic phenomenon; tthe llarger the pore ssize, ithe faster :small imolecules will diffuse out
of a dialysis bag or tubing. As such, iif alarge MWCO tubing iis used, impurities can be removed
faster than jf a smaller MWCO tubing iis used. [Further, low molecular weight chains ¢an reduce
viscosity of polymer samples. As a sample iis dialyzed with a llarge MWCO tubing (e., 10 kDa),

these Jow molecular weight chains are lost from the sample, and the sample can become more

and more viscous.

[00351] Example 3 - Osmotic Pressures of Consumables

[00352] Following the membrane osmometry / osmotic pressure measurement
_protocols outlined in Example 1, it was found that the osmotic pressure of maple syrup was
approximately 138 bar; and, the osmotic pressure of concentrated (75%) orange juice was

approximately 45 bar.

[00353] Example 4 - Investigation into Osmotic Pressures and PKHS
[00354] Measured osmotic pressures of two switchable polymers (PDMAEMA,
PDMAPMAM), with, different: pK_,,s were: as: follows::

Polymer pKan % protonation” Measured Ticoz /bar Theoretical Tcoz ‘/bar’
PDMAEMA 7.4 44 11.5 14
PDMAPMAM 8.8 90 13.5 26
Table 9

*Of a 20 wt.% solution
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"-Theoretical (osmotic (pressure was (calculated using jpKaH @and thase cconcentration ttoccalculate ttheoretical Inumber

©f tbicarbonates [present. (Concentration (of tbicarbonates was wused tto «calculate osmotic fpressure wia an't tHoffs
¢equation. “This (provided @rrough estimate ffor tthe cosmotic jpressure texerted tbyithe thicarbonate ¢anions.

l[003551 “There (did inot;appear ttotbe ;arelationship tbetween quaH:and imeasured ‘osmotic
jpressure, (contrary {to expectation. To iinvestigate tthis further, fthe fpH ©of @ tcarbonated
[PDMAPMAM solution (20 wt. ‘%) was imeasured @and «compared fto @ (calculated, theoretical
wvalue, ‘The measured @and calculated wvalues ‘were close (7.5 iand ‘7.8 Irespectively), iindicating
that the polymer was Ibeing protonated ito :an extent predicted from theoretical calculations.
[However, the measured osmotic jpressure ‘was llower fthan expected, lbased ©nh theoretical
[00356] Without wishing to lbe lbound Iby theory, it was considered that the observed
llower osmotic pressures exhibited |by the :switchable |polymers may lhave lbeen due to iion
{pairing. It has been previously theorized that lbicarbonates dimerize at high concentrations.
Without wishing to [be bound |by theory, it was considered that the Inature of the switchabie

_polymers may enhance this concentration effect, as units are forced close together by the

) prTTT e © \
z ek

Scheme 17

backbone:

The. bicarbonates, dimerizingi may' reduce: observed| osmotic: pressures,, as they can effectively

act: like. one. species . in solution . rather - than  two..

[00357]| Example: 5 -. Concentrating) of apple juice: by’ FO usingl PDMAAmI as the:
draw solute.
[00358]| In this; experiment,, 22.1 grams; of apple:juice: was: used as the: feedl solution and!

13 grams; of' 33 wt%, aqueous; solution, of ionizedl PDMAAm; was used! asi the: draw’ solution.. The!
feed] solution, and| the: draw' solution) were: separated| by  a semi-permeable : membrane! in the: FO'
system, of‘this; disclosure.. The: solutions; were: left: ini the: FO! systemi for about: 60" hours: at. F661m
temperature; and] atmospheric: pressure.. This; resulted| in 11.7' grams: of apple: juice: andl 21.2!

grams; of* aqueous; solutiom of* ionizedl PDMAAm.. 8.2! grams; of water- is calculated! to have!
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transferred from the apple juice to the :aqueous solution of iionized IPDMAAM. There was no
detectable polymer iin the apple juice. ‘On the other lhand, there was a lleakage 'of 2.2 grams
and some fructose was detected iin the aqueous solution of ionized IPDMAAm. As 'such, the
apple juice was concentrated.

[00359] IProphetic |[Example ‘1 - concentration of apple juice by IFO wsing lb=
IPDMAAmM as the draw solute

[00360] 22.1 grams of apple juice iis used as the feed solution and ‘13 grams of 33 wt%
aqueous solution of ionized b-PDMAAm s used as the draw solution. The feed solution and
the draw solution are separated by a semi-permeable membrane in the FO system of this
disclosure. The solutions are left in the FO system for about 60 hours at room temperature and
atmospheric pressure. This results in 11 grams of apple juice and 22 grams of aqueous
solution of jonized PDMAAm. 9 grams of water is calculated to have transferred from the apple
juice to the aqueous solution of ionized PDMAAm. There is no detectable polymer in the apple
juice. On the other hand, there is a leakage of 2.2 grams and some fructose is detected iin the
aqueous solution of ionized b-PDMAAmM. As such, the apple juice is concentrated.

[00361] Prophetic Example 2 - concentration of apple juice by FO using
PDMAPAAmM as the draw solute

[00362] 25 grams of 15 wt. % aqueous solution of ionized PDMAPAAmM is used as the
draw solution and 20 grams of apple juice is used as the feed solution in the FO system of this
disclosure. The solutions are left in the FO system for about 40 hours at room temperature.
This results in about 31 grams of diluted draw solution and 14 grams of concentrated apple
juice.. No polymer is detected in the concentrated apple juice..

[00363]| After' the concentrated| apple juice: is. removed, the diluted draw solution is
subject to agitation, for about: 1 hour such that CO2 is removed.. Water " is then: removed! from
the dilute: draw solution: to reduce the amount. of the draw solution: to about: 25 grams.. The:
resulting) draw solution, is. then, reused for FO as the draw solution..

[00364]' Prophetic: Example 3 - concentration. of apple juice: using Poly(N-
methylbutyleneimine) (PMBI) as the draw solute

[00365] 25 grams. of 20 wt., % aqueous. solution of ionized PMBI is used as the draw
solution| andl 20 grams; of apple:juice: isi usedl as the: feed| solution.. The: feed! solutioni and! the:
draw' solution; are: disposed| in the: FO'systemi of this; disclosure,, separated! by a semi-permeable !
membrane: selectively' permeable: to water.. The: solutions; are: left. under’ atmospheric: pressure:

at room; temperature: for' 60 hours,, resulting in 30l grams: of diluted! draw’ solutioni and! 15 grams:
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isclosure.

[[00366] IProphetic |Example 4- poly(N-methylpropenimine) {((PMPI) @s the draw
solute

[00367] 25 grams ©of :20 'wt. '% IPMPI solution using the IPMPI |polymer @s |prepared iin

[Example ‘1iis disposed iin @ draw chamber iand (CO2 iis fed iinto the draw chamber from @ (co2
source of @ pressure of 5 lbar. 50 g ©f apple juice iis disposed iin tthe feed chamber. The draw
chamber and the feed chamber iare 'separated Iby @ semi-permeable Imembrane ‘that iis
selectively permeable towater. After :20lhours iatatmospheric |pressure iand room temperature,
the amount of apple juice iis concentrated to 34 g, while the draw solution lbecomes diluted,
weighing 37 g. there iis 4 g of leakage. INo polymer is detected iin the remaining apple juice.
Trace amount of fructose iis detected iin the diluted draw solution.

[00368] The concentrated .apple juice is removed. The draw chamber iis 'subject to
reduced pressure of about 20 mbar such that 'CO2 and at least a |portion of the water are
removed. After 30 minutes, the dilute draw solution iis disposed iin a RO system and water iis
removed from the dilute draw solution such that the draw solution becomes about 50 g, which
may be reused for concentrating apple juice with FO.

[00369] Prophetic Example 5- concentration of apple juice by FO using poly(N,N-
dimethylvinylamine) (PDMVAmM)

[00370] 25 grams of 20 wt. % aqueous solution of PDMVAm is used as the darw
solution. CO2 is bubbled through the draw solution for 30 minutes to ionize the PDMVAm. The
ionized PDMVAmM solution is disposed in FO system of this disclosure, separated from 20
grams of apple juice as the feed solution by a semi-permeable membrane that is selectively
permeable to water. The solutions are left at atmospheric pressure and room temperature for
60 hours, resulting in 28 grams of diluted draw solution and 17 grams of concentrated apple
juice.. After the concentrated draw solution is removed, the diluted draw solution may be
recovered as described in this disclosure..

[00371]| Prophetic: Example: 6 - concentration: of apple:juice: by FO' usingl pDAMAmM
asithe draw solute:

[00372]| 25 grams; of 20/ wt.. % aqueous: solutioni of ionized pPDAMAMI is used! as the: draw
solution; andl 20 grams; of apple: juice: is used| as the: feedl solution: in the: FO' systemi of thisi
disclosure., The: solutions: are: left under atmospheric: pressure: at room temperature: for 60

hours, resulting in 27.5 grams; of diluted| draw solution andl 17.5 grams: of concentrated! apple:
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jjuice. /After {the «concentrated @pple jjuice iis removed, tthe «iluted «draw ssolution fmay be
frecovered ;as described jin fthis isclosure.

[[00373] IProphetic [Example 7 concentration ofiapple juice Iby FOwsing IPoly(tert-
Ibutylaminoethylamino imethacrylate) (P(tBAEMA)) ias the draw tsolute

[[00374] 25 grams (of ;20 wt. ‘% @aqueous ssolution «of iionized IP(BAEMA) ifs used @3 fthe
draw solution and ;20 grams (of ;apple juice iis used ias tthe feed 'solution iin fthe IFO 'system (of fthis
disclosure. ‘The :solutions :are lleft under atmospheric |pressure and room temperature for 60
lhours, rresulting jin :26 grams (of diluted draw :solution iand '19 grams «©of cconcentrated iapple juice.
After removing the concentrated :apple juice, the draw solution imay lbe recovered @s described
iin this disclosure.

[00375] IProphetic [Example 8- concentration of apple juice by [FO using Reduced-
poly(N,N-dimethylaminopropyl ‘methacrylamide) (red-PDMAPMAm) @s the draw solute
[00376] 25 grams of 20 wt. % aqueous solution of iionized red-PDMAPMAmM iis used a3
the draw solution and 20 grams of apple juice is used as the feed solution in the FO system of
this disclosure. The solutions are lleft under atmospheric pressure at room temperature for 60
hours, resulting in 25.5 grams of diluted draw solution and 19.5 grams of concentrated apple
juice. After removal of the concentrated apple juice, the draw solution may be recovered a3
described in this disclosure.

[00377] Prophetic Example 9 - concentration of apple juice by FO using Poly
(N,N,N',N’-tetramethyl-2-butene-1 ,4-diamine) (PTMBD) as the draw solute

[00378] 25 grams of 20 wt. % aqueous solution of ionized PTMBD is used as the draw
solution and 20 grams of apple juice is used as the feed solution in the FO system of this
disclosure. The solutions. are: left under atmospheric: pressure: at room temperature: for 60
hours, resulting in 35 grams, of diluted draw solution, and| 10 grams. of concentrated! apple juice..
After- the, concentrated| apple: juice: is removed, the: draw solutioni may be recovered &s
described| in this, disclosure..

[00379] Prophetic; Example: 10 - - concentrationi of apple:juice: by FO using| VENNES
(butane-1,4-diyl)bis(N *-(3-(dimethylamino)propyl)-N ,N-dimethylpropane-1l,3-diamine)
(_DGENl)) as;the. draw solute:

[00380]; 25 grams; of' 20 wt., % aqueous; solution of ionizedl DGEN1I is: used! as the: draw’
solution) and| 20 grams; of apple: juice: is; used! as: the: feedl solutioni i the: FO' system of thisi
disclosure., The: solutions; are: left: at: atmospheric; pressure: andl roomitemperature: for 60 hours,,

resultingy im 32 grams; of* diluted] draw' solutioni and| 13; grams; of’ concentrated! applejuice.. After’
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{the concentrated ;apple jjuice iis removed, fthe draw :solution imay tbe recovered @s «described iin
{this disclosure.

[[00381] IProphetic [Example ‘11 - concentration of apple juice lby IFO wsing
NN IN® N~ ((Butane-1,4-diyIbis (azanetriyl))tetrakis(propane-3,1-diyl))tetrakis (N “3-(3
(dimethylamino)propyl)-N3N3-dimethylpropane-1,3-diamine) (DGEN2) @s ‘the «draw
solute

L[00382] 25 grams (of ;20 wt. ‘% aqueous :solution (of iionized IDGENZ2 iis lused &3 fthe draw
solution and 20 grams of apple juice iis used as the feed :solution iin the IFO 'system of this
disclosure. The solutions are lleft under atmospheric pressure :at room temperature for 60
lhours, resulting jin 37 grams of diluted draw solution iand i8 grams of concentrated apple juice.
After the concentrated apple juice iis removed, the draw :solution imay lbe Irecovered a3
described in this disclosure.

_[003831 In the preceding description, for purposes of explanation, numerous details are
set forth in order to provide a thorough understanding of the embodiments. However, it will be
apparent to one skilled in the art that these specific details are not required. The above-
described embodiments are intended to be examples only. Alterations, modifications and
variations can be effected to the particular embodiments by those of skill in the art. The scope
of the claims should not be limited by the particular embodiments set forth herein, but shouid
be construed in a manner consistent with the specification as a whole. All patents, patent
applications, journal articles, publications, etc. that are referred to throughout this disclosure

are explicitly- incorporated| herein in their entireties.,
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WHAT IS CLAIMED IS:

1. A process of forming a treated switchable polymer, comprising:
providing a switchable polymer that is switchable between a first form and a

second form,
the switchable polymer comprising switchable moieties, each switchable moiety being
switchable between a neutral form associated with the first form of the switchable polymer,
and an ionized form associated with the second form of the switchable polymer,
the switchable polymer

(v) having = 3 mmol switchable moieties per gram of switchable

polymer,

(vi) having a pK,,, of about 7 to about 14, and

(vii) being resistant to hydrolysis;
treating the switchable polymer to remove non-polymeric and/or oligomeric contaminants;
and
forming a treated switchable polymer that is switchable between a third form and a fourth
form,
the neutral form of each switchable moiety being associated with the third form of the treated
switchable polymer, and the ionized form of each switchable moiety being associated with
the fourth form of the treated switchable polymer,
the third form of the treated switchable polymer having a first osmotic pressure in aqueous
solution, and the fourth form of the treated switchable polymer having a second osmotic
pressure in aqueous solution , the ratio of the second osmotic pressure divided by the first
osmotic pressure being > 2,
the treated switchable polymer

(viii)  being substantially water soluble in the fourth form.

2. The process of claim 1, further comprising preparing the switchable polymer by a

controlled polymerization method.

3. The process of claim 1 or 2, wherein the treated switchable polymer has a number
fraction of polymer below 1000 g/mol of < 0.5, or< 0.4, or<0.3, 0r< 0.2, or<0.1; or, a

number fraction of polymer below 3500 g/mol of < 0.5, or< 0.4, or< 0.3, or<0.2, or<0.1.
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4. The jprocess of iany one «of claims "1ito 3, wherein ftreating fthe 'switchable |polymer
«comprises dialysis, jprecipitation, vacuum ftreatment, wiltra-filtration, ireverse tosmosis, 'washing

‘with solvent, or;any combination thereof.

5. The process of any one of claims "1'to 4, wherein tthe switchable |polymer lhas about 3
immol to about ‘18 mmol of switchable moieties |per igram of :switchable jpolymer; or, about 5.5

immol to :about ‘18 immol ©of :switchable imoieties |per gram of 'switchable |polymer.

6. The process of any one of claims "1to 5, wherein the switchable |polymer lhas a \p[K'a'H' of
about 7.5 to about '14; or, about 8 to about 13; or, about 8 to about 12; or, about 7 to about

10.

7. The process of any one of claims 1to 6, wherein the treated switchable [polymer iis

substantially water soluble iin the third form.

8. The process of any one of claims 1to 7, wherein the switchable polymer is resistant to

hydrolysis by comprising non-hydrolysable moieties.

9. The process of claim 8, wherein (i) a hydrolysable moiety includes acid chlorides
carbonate esters, epoxides, or imines; or (i) a hydrolysable moiety includes esters, amidines,

or guanidines..,

10. The process of any one of claims 1to 9, wherein the third form of the treated switchable
polymer has a viscosity in aqueous solution of about 1 cP to about 100 cP; or about 20 cp to
about 100 cP.

11, The: process. of any one: of claims: 1to 10, whereini the: fourthi form: of the: treated!
switchable: polymer: has; a viscosity' in aqueous: solution of about 1 cP to about 100 cP; oF

about: 20 cP to about; 100t cP.,

- 86 -

SUBSTITUTE SHEET (RULE 26)



WO 2020/037432 PCT/CA2019/051166

12. The process of any one of claims 1to 11, wherein the non-polymeric contaminants
comprise a solvent, a catalyst, an initiator, a monomer, a salt, a side-product, an initiator

residue, a crosslinker, a linking agent, or a combination thereof.

13. The process of any one of claims 1to 12, wherein the oligomeric contaminants comprise

oligomers having a molecular weight of <10 000 g/mol; or, < 3500 g/mol; or, <1000 g/mol.

14. The process of any one of claims 2 to 13, wherein the controlled polymerization method
includes a controlled radical polymerization, a step-growth polymerization, or an anionic

polymerization.

15. The process of any one of claims 1to 14, wherein the switchable polymer switches to or
is maintained in the second form when the switchable moieties are exposed to CO, at an
amount sufficient to maintain the switchable moieties in the ionized form, and wherein the
switchable polymer switches to or is maintained in the first form when CO2 is removed or

reduced to an amount insufficient to maintain the switchable moieties in the ionized form.

16. The process of any one of claims 1to 15, wherein the treated switchable polymer
switches to or is maintained in the fourth form when the switchable moieties are exposed to
CO2 at an amount sufficient to maintain the switchable moieties in the ionized form, and
wherein the treated switchable polymer switches to or is maintained in the third form when
CO2 is removed or reduced to an amount insufficient to maintain the switchable moieties in

the ionized form.

17. The process of claim 15 or 16, wherein the CO2 is removed or reduced by exposing the
fourth form of the treated switchable polymer to reduced pressures, heat, agitation, and/or an

inert flushing gas.

18. The process of any one of claims 1to 17, wherein the ratio of the second osmotic

pressure divided by the first osmotic pressure is = 6; or, is = 10; or, is about 15; or, is = 15.

19. A process of forming a treated switchable polymer, comprising:
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providing a switchable polymer that is switchable between a first form and a

second form,
the switchable polymer comprising switchable moieties, each switchable moiety being
switchable between a neutral form associated with the first form of the switchable polymer,
and an ionized form associated with the second form of the switchable polymer,
the switchable polymer

(vi) having = 5.5 mmol of switchable moieties per gram of

switchable polymer,

(vii) having a pK,,, of about 7 to about 10, and

(viii)  being resistant to hydrolysis;
treating the switchable polymer to remove non-polymeric and/or oligomeric contaminants;
and
forming a treated switchable polymer that is switchable between a third form and a fourth
form,
the neutral form of each switchable moiety being associated with the third form of the treated
switchable polymer, and the ionized form of each switchable moiety being associated with
the fourth form of the treated switchable polymer,
the third form of the treated switchable polymer having a first osmotic pressure in aqueous
solution, and the fourth form of the treated switchable polymer having a second osmotic
pressure in aqueous solution, the ratio of the second osmotic pressure divided by the first
osmotic pressure being = 6 ,
the treated switchable polymer

(ix) being substantially water soluble in the third form and fourth

form, and
(x) having a number fraction of polymer below 1000 g/mol of < 0.3

or a number fraction of polymer below 3500 g/mol of < 0.3.

20. The process of claim 19, further comprising preparing the switchable polymer by a

controlled polymerization method.

21. The process of claim 19 or 20, wherein the treated switchable polymer has a humber
fraction of polymer below 1000 g/mol of < 0.2, or < 0.1; or a number fraction of polymer below

3500 g/mol of £ 0.2, or<0.1.
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22. The jprocess of iany one of claims 19 ito 21, 'wherein treating the 'switchable jpolymer
comprises dialysis, |precipitation, vacuum ftreatment, wiltra-filtration, rreverse osmosis, washing

‘with :solvent, «orany combination thereof.

223. The |process of any one of claims '19 to 22, wherein the switchable [polymer lhas about 5.5

immol to about ‘18 mmol of switchable moieties |per .gram of :switchable |polymer.

24. The process of any one of claims ‘19 to 23, wherein the switchable |polymer iis resistant to

hydrolysis by comprising inon-hydrolysable moieties.
25. The process of claim 24, wherein (i) a hydrolysable moiety includes acid chlorides
carbonate esters, epoxides, or imines; or (ii) a hydrolysable moiety includes esters, amidines,

or guanidines..

26. The process of any one of claims 19 to 25, wherein the third form of the treated

=i

switchable polymer has a viscosity in aqueous solution of about 1 cP to about 100 cP; 0

27. The process of any one of claims 19 to 26, wherein the fourth form of the treated

=i

switchable polymer has a viscosity in aqueous solution of about 1 cP to about 100 cP; 0

about 20 cP to about 100 cP.

28. The process of any one of claims 19 to 27, wherein the non-polymeric contaminants
comprise a solvent, a catalyst, an initiator, a monomer, a salt, a side-product,an initiator
residue, a crosslinker,, a linking agent, or a combination: thereof..

29, The: process. of any one of claims. 19 to 28, wherein: the: oligomeric: contaminants:

comprise: oligomers; having a molecular weight: of <10 000 g/mol; or, < 3500 g/mol; or, <1000

g/mol.,
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30. The process of any one of claims 20 to 29, wherein the controlled polymerization method
includes a controlled radical polymerization, a step-growth polymerization, or an anionic

polymerization.

31. The process of any one of claims 19 to 30, wherein the switchable polymer switches to or
is maintained in the second form when the switchable moieties are exposed to CO2 at an
amount sufficient to maintain the switchable moieties in the ionized form, and wherein the
switchable polymer switches to or is maintained in the first form when CO2 is removed or

reduced to an amount insufficient to maintain the switchable moieties in the ionized form.

32. The process of any one of claims 19 to 30, wherein the treated switchable polymer
switches to or is maintained in the fourth form when the switchable moieties are exposed to
CO2 at an amount sufficient to maintain the switchable moieties in the ionized form, and
wherein the treated switchable polymer switches to or is maintained in the third form when
CO2 is removed or reduced to an amount insufficient to maintain the switchable moieties in

the ionized form.

33. The process of claim 31 or 32, wherein the CO , is removed or reduced by exposing the
fourth form of the treated switchable polymer to reduced pressures, heat, agitation, and/or an

inert flushing gas.

34. The process of any one of claims 19 to 33, wherein the ratio of the second osmotic

pressure divided by the first osmotic pressure is = 10; or, is about 15; or, is = 15.

35. The process of any one of claims 1to 34, wherein the switchable polymer is poly(N-
methyl-N,N-diallylamine), (PDMAAm), poly(N,N-dimethylvinylamine) (PDMVAm), linear-
poly(N-methylethylenimine) (I-PMEI), branched-PMEI (b-PMEI), poly(N-methylpropenimine)
(PMPI), poly(diallylmethylamine) (PDAMAmM), poly(N-[3-(dimethylamino)propyl]-
methacrylamide) (PDMAPMAmM), poly(1 ,4-bis(dimethylamino)-2-butene), poly(N,N-di( N’,N’-
dimethylbutylamine)allylamine), poly(N,N,N’,N’-tetramethyl-1 ,2-ethylenediamine), poly(N-
methylbutyleneimine), polv(vinylamine), poly(N-methylvinylamine), poly(N-

tertbutylallylamine)), poly(N-R-allylamine) wherein R is a bulky alkyl group, a polymer
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comprising bulky secondary or primary amines; or a branched polymer thereof; or a

copolymer thereof.

36. Use of a treated switchable polymer as prepared by the process of any one of claims 1to

35 as a draw solute.

37. Use of a treated switchable polymer as prepared by the process of any one of claims 1to

35 in an aqueous draw solution.

38. Use of a treated switchable polymer as prepared by the process of any one of claims 1to

35 in a forward osmosis system.

39. Use of a treated switchable polymer as prepared by the process of any one of claims 1to

35 as a draw solute in an aqueous draw solution in a forward osmosis system.

40. The use of any one of claims 36 to 39 in processing a precursor consumable.

41. The use of any one of claims 36 to 39 in processing waste water or process water.

42. A forward osmosis system, comprising:

a first aqueous draw solution having as a draw solute the treated switchable polymer
as formed by the process of any one of claims 1to 35;

at least one port to bring the first aqueous draw solution in fluid communication with a
source of COato form a second aqueous draw solution having as a draw solute the fourth
form of the treated switchable polymer; and

at least one forward osmosis element, comprising

a semi-permeable membrane that is selectively permeable to water, having a first
side and a second side;

at least one port to bring a feed solution in fluid communication with the first side of
the membrane; and

at least one port to bring the second aqueous draw solution in fluid communication

with the second side of the membrane,
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where water flows from the feed :solution through the :semi-permeable imembrane iinto

the draw :solution to form aconcentrated feed :solution :and :a first diluted draw ‘solution.

43. The system of claim 42, wherein the feed :solution icomprises i [precursor iconsumable.
44. The system of claim 42, wherein the |precursor consumable iis ia food [product |precursor, ia
dairy product jprecursor, albeverage |product precursor, a syrup [precursor, an extracts

|precursor, .or ‘ajuice concentrate precursor.

45. The system of claim 44, wherein the beverage |product precursor iis a fruit juice, a beer, a

wine, a tea, or a coffee.

46. The system of claim 44, wherein the juice concentrate jprecursor iis @anorange juice, a

lemon juice, allime juice, an apple juice, a grape juice, a fig juice, or.a sugar cane juice.

47. The system of claim 44, wherein the syrup precursor is a tree sap.

48. The system of claim 47, wherein the tree sap is a maple tree sap.

49. The system of claim 44, wherein the food product precursor is a whey, a nut milk, or soup

precursor, stock precursor, or broth precursor.

50. The system of claim 44, wherein the dairy product precursor is a milk.

51. The system of claim 44, wherein the extracts precursor includes beans, vanilla beans,
seeds, roots, leaves, spices, fragrances,, berries, coffee, tea, cannabis, hemp, tobacco,

vegetables,, or seaweed.

52. The system of any one of claims 42 to 53, wherein the concentrated feed solution

comprises. a concentrated, or partially’ concentrated, consumable..

53.. The: system of claim| 53, whereini the: consumable: isi a food! product, a dairy' product, a

beverage: product, a syrup, an extract, or ajuice: concentrate..
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I54. The isystem (of claim 53, wherein fthe lbeverage |product iis ia‘concentrated rlpartially

55. The system of claim 53, wherein the juice concentrate iis ia'concentrated @’rlpartiarlrly
concentrated orange juice, llemon juice, lime juice, @apple juice, grape juice, fig juice, ©OF'sugar

cane juice.

556. The system of claim 53, wherein tthe :syrup iis ia concentrated «orr [partially concentrated tree

sap or tree syrup.

57. The system of claim 56, wherein the tree sap iis a maple sap or the tree syrup iis a maple

syrup.

58. The system of claim 53 wherein the food |product iis a concentrated ‘or |partially

concentrated soup, stock, or broth.

59. The system of claim 53, wherein the dairy product is a condensed or partially condensed

milk.

60. The system of claim 53, wherein the extract includes concentrated or partially
concentrated extracts from beans, vanilla beans, seeds, roots, leaves, spices, fragrances,.

berries, coffee, tea, cannabis, hemp, tobacco, vegetables, or seaweed.
61, The system of claim 42, wherein the feed solution is a waste water or process water.

62. The system of any one of claims 42 to 61, further comprising a regeneration system for
regenerating) the: first: aqueous; draw' solution,, the: regeneration: system: comprising|

vacuum,, heat, agitation,, and/or' inert: flushing; gas: to form: a second! dilute: draw' solutioni
having| as a draw solute: the: third| form of the: treated! switchable: polymer;; and|

at least. one: port:to bring| the: secondl! dilute: draw' solution in fluidl communication: withi & RO

system,, a nanofiltration| system,, an ultrafiltrationi system,, a microfiltrationi system,, a dialysis;
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system, ;@ vacuum :source, or a jprecipitation system to remove water from the :second dilute

draw :solution :and to rregenerate the first iaqueous draw solution.

63. Use of the forward osmosis system of :iany one of claims 42 to '62 for concentrating or

jpartially concentrating a jprecursor consumable.
64. The wuse of claim 63, wherein the precursor consumable iis a food product 'precursor, a
dairy product precursor, a beverage product precursor, a Syrup precursor, an extracts

precursor, o,rajuice concentrate precursor.

65. The use of claim 64, wherein the beverage product precursor iis a fruit juice, a beer, a

wine, atea, or a coffee.

66. The use of claim 64, wherein the juice concentrate precursor is an orange juice, a lemon

juice, a lime juice, an apple juice, a grape juice, a fig juice, or a sugar cane juice.

67. The use of claim 66, wherein the syrup precursor is a tree sap.

(@),
100

. The use of claim 67, wherein the tree sap is a maple tree sap.

{[o)]

9. The use of claim 64, wherein the food product precursor is a soup, stock, or broth

precursor.,

70. The use of claim 64, wherein the dairy product precursor is a milk..

71, The use of claim 64, wherein the extracts. precursor includes beans, vanilla beans, seeds,
roots, leaves, spices, fragrances,, berries, coffee, tea, cannabis, hemp, tobacco, vegetables,

or seaweed.,

72.. Use: of the: forward| osmaosis; system of claimi 42 or 62 for' concentrating| or partially’

concentrating| a waste: water- or process; water..

73.. A forward| osmosis; system,, comprising::
-94 -

SUBSTITUTE SHEET (RULE 26)



WO 2020/037432 PCT/CA2019/051166

@ draw solution comprising @ switchable jpolymer sswitchable tbetween @ mneutral form
@and @anijionized iform, wherein
ithe ineutral iform jis ;@associated with iaffirst «@smotic jpressure,
the jionized iform jis ;associated with :a :second osmotic jpressure, iand
tthe second osmotic jpressure iis Ihigher tthan fthe first osmotic jpressure;
and
a feed solution jin fluid communication ‘with the draw :solution, fthe feed ‘solution
comprising afeed solvent that iis the :same :as the solvent of the draw 'solution, iand the feed
solution |being separated from the draw :solution by a semipermeable Imembrane that iis
selectively permeable to the solvent,
draw solution when the polymer iis iin the ionized form to produce a concentrated feed
solution and a diluted draw solution,
wherein a ratio between the second osmotic pressure and the first osmotic pressure is
2 2.
74, The forward osmosis system of claim 73, wherein the ratio is > 6.
75. The forward osmosis system of claim 73, wherein the ratio is = 10.
76. The forward osmosis system of claim 73, wherein the ratio is about 15.
77. The forward osmosis system of claim 73, wherein the ratio is > 15.
78. The forward osmaosis system of claim 73, wherein the ratio is > 16.
79. The forward osmosis system of any one of claims 73 to 78, wherein the switchable polymer
is treated to remove impurities before the draw solution is prepared.

80. The forward osmosis system of claim 79, wherein the impurities comprise a solvent, a

QD

catalyst, an initiator, a monomer, a salt, a side-product,, an initiator residue, a crosslinker,
Iinking\ agent, an oligomeric contaminant,, or a combination: thereof.

8,1, The forward| osmosis; system, of claim, 79 or 80, wherein the: switchable: polymer is treated|
by dialysis, precipitation, vacuum treatment, ultrafiltration, reverse: osmosis, washing withi
solvent, or any combination, thereof..

82.. The: forward| osmaosis; system, of: any one: of claims; 73 to 81, further comprising| a first:
subsystem, for- removing; the: concentrated| feed| solution.,

83. The, forward| osmosis; system, of’ claim; 82,, further- comprising) a regeneration systemi for'

switching; the: switchable; polymer- in the: diluted| draw' solutioni fromi the: ionizedl formi to the!
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meutraliform after removal ofithe cconcentrated ffeed ssolution ssuchithat @arrestored (drawssolution
jis jproduced.

84.The forward osmosis system (of claim {83, 'wherein tthe regeneration ‘system iis further
‘configured {toremove :at|least;aportion (of the «solvent ffrom ithe rrestored draw solution after tthe
lpol_ymer thas switched ifrom tthe jionized fform fto ithe ineutral fform such ithat @& second draw
solution jis jproduced.

85. The forward osmosis :system of claim {84, wherein ithe removal of ithe solvent iis lby filtration,
IRO, jprecipitation, dialysis, vacuum treatment, wltrafiltration, decomposition, ©r @ combination
thereof.

$86. The forward osmosis system of claim 84 or 85, further comprising @ Irecycling 'system for
|rec_ycling at least a portion (of the second draw :solution :as tthe draw solution.

87. The forward osmosis system of any one of claims 73 to 86, wherein the switchable polymer
comprises switchable moieties, each of the switchable moieties lbeing switchable lbetween a
moiety neutral form associated with the ineutral form of the switchable polymer and a moiety
jonized form associated with the jionized form of the polymer.

88. The forward osmosis system of claim 87, wherein the switchable polymer comprises about
3 mmol to about 18 mmol of the switchable moieties per gram of the polymer.

89. The forward osmosis system of claim 87, wherein the polymer comprises about 5.5 mmol
90. The forward osmosis system of claim 87, wherein the polymer comprises about 3 mmol to
about 4 mmol, about 3 mmol to about 23.3 mmol, about 5.5 mmol to about 24 mmol, or about
5.5 mmol to about 23.3 mmol of the switchable moieties per gram of the polymer.

91, The forward osmosis system of any one of claims 87 to 90, wherein more than about 30%
of the switchable moieties are switched from the moiety neutral form to the moiety ionized form
when the polymer is switched from the neutral form to the ionize form.

92. The. forward| osmosis; system, of claim, 911, wherein, more: than; about: 50%. of the: switchable:
moieties; are, switched| from, the. moiety' neutrall form; to the: moiety ionized form when the:
polymer- is; switched| from, the. neutrall form to the: ionized| form..

93. The forward| osmosis; system; of claim; 911, wherein; more: thani about: 75%. of the: switchable:

polymer-is; switched| from the: neutrall form to the: ionized! form..
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94. The forward osmosis system of claim 91, wherein more than about 90% of the switchable
moieties are switched from the moiety neutral form to the moiety ionized form when the
polymer is switched from the neutral form to the ionized form.

95. The forward osmosis system of claim 91, wherein more than about 95% of the switchable
moieties are switched from the moiety neutral form to the moiety ionized form when the
polymer is switched from the neutral form to the ionized form.

96. The forward osmosis system of claim 91, wherein about 95% of the switchable moieties
are switched from the moiety neutral form to the moiety ionized form when the polymer is
switched from the neutral form to the ionized form.

97. The forward osmosis system of any one of claims 87 to 96, wherein the switchable moieties
comprises an amine group.

98. The forward osmosis system of claim 97, wherein switching from the moiety neutral form
to the moiety ionized form is effected by protonation of the amine group.

99. The forward osmosis system of claim 98, wherein switching from the moiety ionized form
to the moiety neutral form is effected by deprotonation.

100. The forward osmosis system of claim 99, wherein the protonation is effected by
exposing the switchable moiety to an ionizing trigger.

101. The forward osmosis system of claim 100, wherein the deprotonation is effected by
removal of the ionizing trigger.

102. The forward osmosis system of claim 101, wherein the removal of the ionizing trigger
is effected by subjecting the diluted draw solution to a source of vacuum, heat, agitation, and/or
inert flushing gas.

103. The forward osmosis of any one of claims 99 to 102, wherein the ionizing trigger is
C0O2, CS2, COS, or a combination thereof.

104. The forward osmosis system of any one of claims 97 to 103, wherein a ratio between
nitrogen atoms and carbon atoms in the switchable polymer is between 1:5 and 1:3.

105. The forward osmosis system of claim 104, wherein the switchable polymer is
poly(dimethylallylamine) (PDMAAmM), Poly(N-methylbutyleneimine) (PMBI), poly(N-
methylpropenimine) (PMPI), poly(N,N-dimethylvinylamine) (PDMVAmM),
poly(diallylmethylamine) (PDAMAmM), Poly(tert-butylaminoethylamino methacrylate)
(PMBAEMA)), Reduced-poly(N,N-dimethylaminopropyl = methacrylamide) (red-PDMAPMAmM),
Poly (N,N,N’,N’-tetramethyl-2-butene-1 ,4-diamine) (PTMBD), NZ1,N'-(butane-1,4-diyl)bis(N -

(3-(dimethylamino)propyl)-N  3,N3-dimethylpropane-1 ,3-diamine)  (DGEN1), NI NT N N1"-
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(Butane-1 ,4-diylbis(azanetriyl))tetrakis(propane-3,1-diyl))tetrakis(N  -(3
(dimethylamino)propyl)-N 3|N3-dimethylpropane-1 ,3-diamine) (DGEN2), wor @ icombination
thereof.

106.  The forward osmosis system of claim ‘104, wherein the |polymer iis [poly(N-methyl-N,N-
diallylamine),  poly(N,N-dimethylallylamine) (PDMAAm),  |poly(N,N-dimethylvinylamine)
(PDMVAmM), llinear-poly(N-methylethylenimine) (I-PMEI), Ibranched-PMEI i(b-PMEI), jpoly(N-
methylpropenimine) (PMPI), poly(diallylmethylamine) (PDAMAM), poly(N-[3-
(dimethylamino)propyl]-methacrylamide) (PDMAPMAmM), Ireduced-poly(N,N-
dimethylaminopropyl  methacrylamide) (red-PDMAPMAmM), |poly(1,4-bis(dimethylamino)-2-
butene) also known as poly(dimethylmethylamine) (PDMMA), poly(N,N-di(N’,N’-
dimethylbutylamine)allylamine), poly(N,N,N’,N'-tetramethyl-1 ,2-ethylenediamine),  poly(N-
methylbutyleneimine) (PMBI), [Poly(tert-butylaminoethylamino methacrylate) (P(tBAEMA)),
IPoly(N,N-(N’,N’-dimethylaminopropyl)allylamine)  (PDMAPAAm), [Poly(N,N,N’,N’-tetramethyl-
2-butene-1 ,4-diamine) (PTMBD), poly(vinylamine), |poly(N-methylvinylamine),  poly(N-
tertbutylallylamine)), poly(dimethylmethylamine) (PDMMA), N1,NT-(butane-1,4-diyl)bis(N1-(3-
(dimethylamino)propyl)-N3,N3-dimethylpropane-1, 3-diamine) (DGEN1), NI,NT,N1",NT"-
((Butane-1 ,4-diylbis(azanetriyl))tetrakis(propane-3,1-diyl))tetrakis(N1-(3
(dimethylamino)propyl)-N3,N3-dimethylpropane-1 ,3-diamine) (DGENZ2), poly(N-R-allylamine)
wherein R is a bulky alkyl group, a polymer comprising bulky secondary or primary amines; or
a branched polymer thereof; or a copolymer thereof.

107. The forward osmosis system of any one of claims 73 to 106, wherein the switchable
polymer has a concentration between <50 wt. %, between about 0.5 wt. % to about 50 wt. %,
between about 5 wt. % to 50 wt. %, between about 5 wt. % to about 45 wt. %, between about
5 wt. % to about 40 wt. %, between about 5 wt. % to about 35 wt. %, between about 10 wt. %
to about 35 wt. %, between about 10 wt. % to about 30 wt. %, between about 10 wt. % and
about 25 wt. %, between about 15 wt. % and about 25 wt. % in the draw solution..

108. The forward osmosis system of any one of claims 73 to 107, wherein the solvent is
water..

109. The forward osmosis system of claim 108, wherein the switchable polymer is
substantially resistant to hydrolysis..

110. The: forward! osmosis: system; of claim 108 or 109, whereini the: feed! solution! is: a food!

product; precursor.,
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111. The forward osmosis system of claim 109, wherein the food product precursor is a dairy
product precursor, a beverage product precursor, a Syrup precursor, an extracts precursor, a
juice concentrate precursor, a whey, a nut milk, or soup precursor, stock precursor, or broth
precursor.

112. The forward osmosis system of claim 111, wherein the beverage product precursor is
a fruit juice, a beer, a wine, a tea, or a coffee.

113. The forward osmosis system of claim 111, wherein the juice concentrate precursor is
an orange juice, a lemon juice, a lime juice, an apple juice, a grape juice, a fig juice, a sugar
cane juice, or a combination thereof.

114. The forward osmosis system of claim 111, wherein the syrup precursor is a tree sap.
115. The forward osmosis system of claim 114, wherein the tree sap is a maple tree sap.
116. The forward osmosis system of claim 111, wherein the dairy product precursor is milk.
117. The forward osmosis system of claim 111, wherein the extracts precursor includes
beans, vanilla beans, seeds, roots, leaves, spices, fragrances, berries, coffee, tea, cannabis,
hemp, tobacco, vegetables, or seaweed.

118. The forward osmosis system of claim 107, wherein the feed solution is waste water,
sea water, brackish water, or industrial aqueous solutions.

119. The forward osmosis system of claim 118, wherein the industrial aqueous solutions are
from dyeing of fabrics, pharmaceutical processing, biomass conversion, algae growth,
agriculture, fermentation, nuclear power generation, or geothermal power generation.

120. The forward osmosis system of claim 107, wherein the feed solution comprises sugar,
polysaccharide, wood, lignocellulose, grass, microalgae, macroalgae, bacteria, bagasse,
stover, agricultural waste, compost, or manure.

121. The forward osmosis system of claim 120, wherein the sugar is sucrose, xylose,
glucose, fructose, or a combination thereof.

122. The forward osmosis system of claim 120, wherein the polysaccharide is cellulose,
starch, hemicellulose, inulin, xylan, chitin, or a combination thereof.

123. The forward osmosis system of claim 107, wherein the feed solution comprises protein.
124. The forward osmosis system of claim 123, wherein the protein is bio-therapeutic
protein, food protein, monoclonal antibody (MAb), and/or therapeutic protein.

125. The forward osmosis system of any one of claims 73 to 124, wherein the switchable
polymer has a Mw in the range of 2 kDa to about 50 kDa, about 2 kDa to 45 kDa, about 2 kDa

to 40 kDa, about 2 kDa to about 35 kDa, about 2 kDa to 35 Kda, about 2 kDa to about 30 kDa,
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:about :2 kDa {to ;about :25 |kDa, :about :2 [kDa ito :about :20 [kDa, or iabout :2 lkDa fto iabout 15 kDa,
about 2 kDa to ;about 10 |kDa, about 2 kDa ito iabout 9 [kDa, oir:about 4 kDa fto iabout ‘9 lkDa.
126. A process for treating :a:switchable |polymer :switchable ffrom ia ineutral form :associated

with @ first osmotic |pressure ;and @n jionized fform :associated 'with i@ second osmotic |pressure

such that a ratio between the :second osmotic pressure and ‘the first osmotic [pressur

D

increased, the |process comprising treating the switchable |polymer to remove inon-polymeric
and/or oligomeric contaminants.

127, The process of claim '126, wherein treating the :switchable polymer comprises dialysis,
[precipitation, vacuum treatment, wltra-filtration, reverse osmosis, washing with ssolvent, oI any
combination thereof.

128.  The process of claim 126 or 127, wherein the switchable polymer comprises switchable
moieties, each of the switchable moieties switchable between a moiety neutral form associated
with the neutral form of the switchable polymer, and an iionized form associated with the ionized

129. The process of claim 128, wherein the switchable polymer comprises = 3 mmol of the
switchable moieties per gram of switchable polymer.

130. The process of claim 129, wherein the switchable polymer comprises >5.5 mmol, about
3 mmol to about 24 mmol, about 3 mmol to about 23.3 mmol, about 3 mmol to about 18 mmol,
or about 5.5 mmol to about 24 mmol, or about 5.5 mmol to about 23.3 mmol, or about 5.5 mmol
18 mmol of the switchable moieties per gram of switchable polymer.

131, The process. of any one of claims. 128 to 130, wherein: the switchable- polymer has a
pKaH of about 7 to about: 14.

132. The process, of claim 131/, wherein, the switchable: polymer has a pKaH' of about 7.5 to
about: 14; or, about: 8 to about' 13; or, about 8 to about. 12; or, about: 7 to about: 10.

133, The process, of any one of claims. 126 to 132, wherein| the switchable: polymer is
substantially resistant: to hydrolysis..

134. The process; of claim; 133, wherein, the: switchable: polymer- isi substantially " free: of
hydrolysable y moiety.,

135, The: process; of claim; 134, wherein) (i) the: hydrolysable: moiety" includes; acid! chlorides:
carbonate, esters, epoxides,, or imines;; or (ii) the: hydrolysable : moiety' includes; esters,, amidines,,
Qr guanidines.,

136., The: process;of‘anyrone: of’ claims; 126 to) 135,, wherein the: ratios is; > 2..
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©137.  “The jprocess (of claim 136, wherein {the rratio iis :26;; or, iis :2 “10; o, ifs @about “15; @©r, ils =
‘15, @r = ‘16.
138. ‘The jprocess (of any one (of claims ‘126to ‘136, wherein ithe ineutral form «ofithe switchable
jpolymer jhas @ wiscosity jin @queous solution (of @bout 1P fto iabout '100 «P; ©Tiabout 20 €p fto
@bout -100 cP.
‘139.  The process (ofany one of claims "126to 138, wherein tthe iionized fform offthe 'switchable
polymer |has a viscosity iin aqueous :solution of about '1.clP to iabout 100 «cP; ©F about :20 TP to
about 100 cP.
140.  The process of any one of claims ‘126 to ‘139, wherein ithe Inon-polymeric ‘contaminants
comprise @ solvent, @ catalyst, :an jinitiator, :a )/monomer, @ salt, @ 'side-product, @n iinitiator
residue, @ crosslinker, ;a llinking :agent, or:a combination ‘thereof.
141. The process of any one of claims 126 to 140, wherein the oligomeric contaminants
comprise oligomers having a molecular weight of <10 000 g/mol; or, < 3500 g/mol; oF, <1000
g/mol.
142.  The process of any one of claims 126 to 141, wherein the switchable polymer switches
to or is maintained in the ionized form when the switchable polymer is exposed to CO ,atan
amount sufficient to maintain the switchable polymer in the ionized form, and wherein the
switchable polymer switches to or is maintained in the neutral form when the CO2 is removed
or reduced to an amount insufficient to maintain the switchable polymer in the ionized form.
143. The process of claim 142, wherein the CO2 is removed or reduced by exposing the
ionized form of the switchable polymer to reduced pressures, heat, agitation, and/or an inert
flushing gas.
144,  The process of any one of claims 126 to 143, wherein the switchable polymer has a
Mw of in the range of 2 kDa to about 50 kDa, about 2 kDa to 45 kDa, about 2 kDa to 40 kDa,
about 2 kDa to about, 35 kDa, about 2 kDa to 35 Kda, about 2 kDa to about 30 kDa, about 2
kDa to about; 25 kDa, about: 2 kDa, to about: 20 kDa,, or about: 2 kDai to about: 15 kDa,, about: 2
kDa to about: 10 kDa, about: 2 kDa to: about: 9 kDa,, or about: 4 kDa: to about: 9 kDa..
145, Use of a polymer- for-forward| osmosis,, wherein,

the: polymer- is; switchable: between a neutrall form: associated| withi a first. osmotic:
pressure; and| an ionized| form, associated | with) a second| osmotic: pressure,, and!

a ratio) between, the: second] osmotic; pressure: andl the: first: osmotic: pressure: is > 2.,

146.. The: use: of claim 145, wherein) the: ratio isi > 6i.
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147. The use of claim 145, wherein the ratio is = 10.

148. The use of claim 145, wherein the ratio is about 15.

149. The use of claim 145, wherein the ratio is = 15.

150. The use of any one of claims 145 to 149, wherein the polymer is treated to remove
impurities.

151 . The use of claim 150, wherein the impurities comprise a solvent, a catalyst, an initiator,
a monomer, a salt, a side-product, an initiator residue, a crosslinker, a linking agent, an
oligomeric contaminant, or a combination thereof.

152. The use of claim 150 or 151, wherein the polymer is treated by dialysis, precipitation,
vacuum treatment, ultra-filtration, reverse osmosis, washing with solvent, or any combination
thereof.

153. The use of ‘any one of claims 145 to 152, wherein the polymer comprises switchable
moieties, each of the switchable moieties being switchable between a moiety neutral form
associated with the neutral form of the polymer and a moiety ionized form associated with the
ionized form of the polymer.

154. The use of claim 153, wherein the polymer comprises about 3 mmol to about 18 mmol
of the switchable moieties per gram of the polymer.

155. The use of claim 153, wherein the polymer comprises about 5.5 mmol to about 18 mmol
of the switchable moieties per gram of the polymer.

156. The use of claim 153, wherein the polymer comprises about >5.5 mmol, about 3 mmol
to about 24 mmol, about 3 mmol to about 23.3 mmol, , or about 5.5 mmol to about 24 mmol,
or about 5.5 mmol to about 23.3 mmol of the switchable moieties per gram of the polymer.
157. The use of any one of claims 153 to 156, wherein more than about 30% of the
switchable moieties are switched from the moiety neutral form to the moiety ionized form when
the polymer is switched from the neutral form to the ionize form.

158. The use of claim 157, wherein more than about 50% of the switchable moieties are
switched from the moiety neutral form to the moiety ionized form when the polymer is switched
from the neutral form to the ionized form.

159. The use of claim 157, wherein more than about 75% of the switchable moieties are
switched from the moiety neutral form to the moiety ionized form when the polymer is switched

from the neutral form to the ionized form.
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160. “The wse (©f claim “157, wherein rmore ithan @about {90% (of ithe switchable moieties &ie
switched ifrom {the ymoiety neutral fform ftothe imoiety iionized fform when fthe [polymer i switched
161. ‘The wse ©f claim *157, wherein imore fthan @about 95% of fthe ‘switchablie Imoieties @fe
switched {from {the ymoiety ineutral fform ttothe imoiety iionized fform 'when fthe jpolymer is 'switched
from the jneutral fform tto the iionized fform.

162. The wse (of claim ‘157, wherein :about 195% (of the switchable Imoieties @te 'switched from
the moiety ineutral form to ithe /moiety iionized form when the |polymer its 'switched from ‘the
neutral form to the jionized form.

163. ‘The wuse of any one of claims 153 to 162, wherein ‘wherein fthe :switchable moieties
‘com_prises an amine group.

164, The wuse of claim 163, wherein switching from the 'moiety neutral form to the 'moiety
165. The use of claim 164, wherein switching from the moiety ionized form to the moiety
neutral form jis effected by deprotonation.

166. The use of claim 165, wherein the protonation iis effected by exposing the switchable
moiety to an ionizing trigger.

167. The use of claim 166, wherein the deprotonation is effected by removal of the ionizing
trigger.

168. The use of claim 167, wherein the removal of the ionizing trigger is effected by
subj_ectingﬁ the diluted draw solution to a source of vacuum,, heat, agitation,, and/or inert flushing
gas.

169, The. use of any one of claims 166 to 168, wherein| the ionizing| trigger is CO2, CS2, COS,
or a combination | thereof.,

170, The: use: of any one: of claims; 164 to 169, whereini a ratio between nitrogen! atoms: andl
carbon, atoms; in the: polymer ' is; between, 1:5 and| 1:3..

171.. The; use: of claim; 170, wherein| the: switchable: polymer- is: poly(dimethylallylamine) )
(PDMAAm),  Poly(N-methylbutyleneimine) | (PMBI),, poly(N-methylpropenimine) | (PMPI),,
poly(N,N-dimethylvinylamine) | (PDMVAm),, poly(diallyimethylamine) ) (PDAMAm),, Poly(tert--
butylaminoethylamino ) methacrylate) ) (P(tBAEMA)),, Reduced-poly(N,N-dimethylaminopropyl |
methacrylamide) } (red-PDMAPMAm), , Poly’ (N,N,N’,N’-tetramethyl-2-butene-1, " 4-diamine) )
(PTMBD),,  NA,Nf"-(butane-11,4-diyl)bis(N [-(3-(dimethylamino)propyl)-N B N3-dimethylpropane- -

1,3-diamine) ) (DGENL),, NN NP NE"-((Butane-1,4-diylbis(azanetriyl))tetrakis(propane-3,1-
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diyl))tetrakis(N 1-(3 (dimethylamino)propyl)-N 3IN3-dimethylpropane-1, :3-diamine) ((DGEN2), @t
acombination {thereof.

172.  ‘The wse ©f claim ‘170, wherein fthe polymer iis jpoly(N-methyl-N,N- -diallylamine),
Ipoly(N N-dimethylallylamine) (PDMAAm), jpoly(N,N- -dimethylvinylamine) ((PDMVAm), liinear-
,pon_(N—metherthernlmlne) {(I-PMEI), lbranched-PMEI ((b-PMEI), jpoly(N-methylpropenimine)
(PMPI), jpoly(diallylmethylamine) (PDAMAM), jpoly(N-[3-(dimethylamino)propyl]-
imethacrylamide) (PDMAPMAm), reduced-poly(N,N-dimethylaminopropyl  imethacrylamide)
4(red—PDMAPMAm), jpoly(1,,4-bis(dimethylamino)-2-butene) also lknown as
Ipoly(dimethylmethylamine) (PDMMA), |pon(N,N—di(N’,N’—dimethylbutylamihe)allylaimin'e),‘
Poly(N,N,N",N"-tetramethyl-1 ,2-ethylenediamine), poly(N-methylbutyleneimine) (PMBI),
PPoly(tert-butylaminoethylamino methacrylate) (P(tBAEMA)), IPoly(N,N-(N",N"-
dimethylaminopropyl)allylamine) ~ (PDMAPAAm), IPoly(N,N,N',N’-tetramethyl-2-butene-1 " ,4-
diamine) (PTMBD), poly(vinylamine), poly(N-methylvinylamine), poly(N-tertbutylallylamine)),
poly(dimethylmethylamine) (PDMMA), IN1,NT-(butane-1,4-diyl)bis(N1-(3-
(dimethylamino)propyl)-N3,N3-dimethylpropane-1, 3-diamine) (DGEN1), ~N1,NT,N1"NT"
((_Butane-l,4—dinbis(azanetriyl))tetrakis(propane—s,1—diy|))tetrakis(N1—(3
(dimethylamino)propyl)-N3,N3-dimethylpropane-1 ,3-diamine) (DGEN2), poly(N-R-allylamine)
wherein R is a bulky alkyl group, a polymer comprising bulky secondary or primary amines; ot
a branched polymer thereof; or a copolymer thereof.

173. The use of any one of claims 145 to 172, wherein the polymer has a Mw of in the range
of 2 kDa to about 50 kDa, about 2 kDa to 45 kDa, about 2 kDa to 40 kDa, about 2 kDa to about
35 kDa, about 2 kDa to 35 Kda, about 2 kDa to about 30 kDa, about 2 kDa to about 25 kDa,
about 2 kDa to about 20 kDa, or about: 2 kDa to about 15 kDa, about: 2 kDa to about: 10' kDa,
about 2 kDa to about 9 kDa, or about: 4 kDa to about 9 kDa..
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