
~ draw solute and an improved forward osmosis method 

Field of invention 

The present invention relates to a draw solute for forward osmosis and an improved 

5 forward osmosis method using. the draw solute. 

10 

15 

Background 

It is recognised 

draw 

high pressure 

recovered reused at 

ion diffusion, non-toxicity 

present. 

osmosis desalination ;s a much less energy consuming 

the 

energy 

There is also less fouling problems 

forward osmosis method compared to reverse 

in the state of the art is the of a 

An ideal draw solute a 

a flux readily 

as reverse 

and minimal should also be 

Commonly used draw solutes in the desalination via forward 

osmosis process include sugar ammonium bicarbonate. of 

edible sugar as a draw solute is usually limited to emergency life saving hydration 

devices rather than large scale desalination. With respect to ammonium bicarbonate, 

20 the drawbacks include high reverse diffusion. Further, while the ammonium 

carbonate can be easily recovered by heating up to 65°C, the draw solute 

dissociates into carbon dioxide and ammonium, and ineVitably some ammonium 

remains in the water and influences the product water quality. 

Polymer decorated superparamagnetic nanoparticles have also been explored as 

25 draw solutes since the nanoparticles may be easily recovered by a magnetic field 

and provide a reasonable osmotic pressure owing to their nano-scale dimension. 

However, problems associated with the agglomeration of magnetic nanoparticles 

under a strong magnetic field and the consequent decreased osmotic pressure 

during reuse of such particles has not been resolved. 

30 The possibility of using hydrogels as draw solutes for forward osmosis has also been 

investigated. In particular, hydrogels can absorb water through a forward osmosis 
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membrane driven by swelling pressure and their insoluble cross-linked network 

enable dewatering under thermal and mechanical stimuli. An ionizable poly sodium 

acrylate (PSA) hydrogel a high water flux but only than 5% of the 

absorbed water can at 50°C and 3 MPa. Although poly(N-

5 isopropylacrylamide) (PNIPAm) hydrqgels are capable of releasing about 70% of the 

10 

absorbed they have a low water flux. 

An of copolymerizing sodium acrylate and N-isopropylacryJamide 

high flux and facilely release water The attempt 

incorporating carbon particle PSA hydrogels produce high flux and 

liquid Moreover, 

However. only small 

dewatering method of 

water release 

water released is in 

light exposure and long ng"",,,,',,,, 

processes continuous. 

time render it difficult make the desalination 

is th':>.r""f.f'oFt:> a need an improved draw and an improved forward 

15 osmosis I"nQ.thr,('{ uses the improved draw solute which is able generate high 

osmotic cause minimal membrane degradation and be 

""""""'"'y-.... ij Tf'ot'!.AI<:tlrf'! osmosis method. 

The n,-",,,,,,;o'nJ invention seeks to address at least one of the 

in a 

in the art, 

20 and provides an improved draw solute and an improved Tn"'hI",,"n osmosis method 

using solute. 

According to a first aspect, the present invention provides a draw solute for forward 

osmosis comprising a semi-interpenetrating (semi~IPN) hydrogel, wherein the semi­

IPN hydrogel comprises at least one thermally responsive polymer and at least one 

25 hydrophilic polymer, and wherein the semi-IPN hydrogel switches between a 

hydrophilic state to allow absorption of water osmosed from a feed solution and a 

hydrophobic state to allow release of the absorbed water in response to changes in 

temperature. 

The semi-IPN hydrogel may comprise any suitable thermally responsive polymer and 

30 hydrophilic polymer. According to a particular aspect, the at least one thermally 

responsive polymer may be selected from the group selected from, but not limited to: 
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poly(N-isopropylacrylamide) (PNIPAm), poly(N, N' -diethylacrylamide}, poly(N-vinyl 

isobutylamide), poly(N-vinyUactam), polyvinylmethylether, poly( dimethylamino )ethyl 

methacrylate, poly(tributyl-hexyl phosphonium 3-sulfopropylacrylate), poly(tetrabutyl 

phosphonium sulfonate), . polypropylene oxide, copolymers blends 

5 thereof. 

According to a particular aspect, at least one hydrophilic polymer may be 

selected from the group conSisting not limited to: polyacrylamide, polyethylene 

oxide, polysodium acrylate (PSA), polyvinyl .alcohol (PVA), copolymers and blends 

10 The be in any For example, 

film or particle 

15 

of a bulk hydrogel, 

to a particular the semi-IPN may be, but to, 

PNIPAm/PVA or a thereof. 

to a particular aspect, the hydrogel is V"'~I""''''I''' switching 

hydrogel is h",,,,,tori hydrophilic state to the when the 

to a above a lower. temperature of the 

hydrogel. For example, the switching from the hydrophilic state to the hydrophobic 

of the semi-IPN hydrogel may be when the hydrogel is heated to a 

temperature of 30-70°C. 

20 According to a particular aspect, the solute may comprise a composite of semi­

IPN hydrogel and particles of an inorganic material. example, the inorganic 

material may be clay or continuous or discontinuous fillers. In particular, the 

continuous or discontinuous fillers may be particles, 

According to a second aspect, the nr.:>,c::t:>'''U invention provides a forward osmosis 

25 method comprising: 

contacting a feed solution and a draw solute via a semi-permeable membrane 

pOSitioned therebetween, such that feed water in the feed solution passes 

through semi-permeable membrane by osmotic pressure and moves into the 

draw solute, wherein the draw solute is a semi-interpenetrating (semi-IPN) 
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hydrogel comprising at least one thermally responsive polymer and at least one 

hydrophilic polymer; 

separating the water from the draw solute form purified product. 

The thermally responsive polymer and the hydrophilic polymer may be any suitable 

5 polymer. In particular, the thermally responsive polymer and the hydrophilic polymer 

10 

may as described above. 

Qrn._ ..... "'. hydrogel . The 

suitable 

be semi-IPN \Jru'nn"'l and in 

/il!><:!l'"'ril,\i!>rl above. 

be, 

mineralized 

solution 

aqueous saline solution. 

industrial waste water or a combination th",u'o,,," 

be seawater. 

In 

According to a particular Gll:>I.I~~,L. 

in particular, 

separating may comprise heating the 

comprise heating at a temperature of 

15 According to a 

temperature. In may 

may carried out at room 

at about 

According to a particular g<:>IJ<;;i\.,<. the method comprise conditioning the 

draw solute prior the In particular, conditioning may comprise 

swelling semi-IPN hydrogel prior the contacting. 

20 The semi-permeable membrane any suitable For example, the 

semi-permeable may comprise hollow According to a particular 

aspect, the semi-permeable membrane may comprise hollow fibers which be 

coated with at least one layer of the draw solute. 

According to a third aspect of present invention, there is provided a draw solute 

25 for forward osmosiS compriSing a hydrogel of at one polyionic thermally 

responsive polymer, wherein the hydrogel switches between a hydrophilic state to 

allow absorption of water osmosed from a feed solution and a hydrophobic state to 

allow release of the absorbed water in response to changes in temperature. 
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The. polyionic thermally responsive polymer may be. any suitable polymer. For c 

example, the polyionic responsive polymer may selected from the group 

but not limited polytetrabutylphosphonium p-styrene sulfonate, 

polytributylhexyl phosphonium 3-sulfopropyl methacrylate. polytributylhexyl 

5 phosphonium 3-sulfopropyl acrylate, polytetrabutylphosphonium maleate, 

10 

15 

polytetrabutylphosphonium fumarate, polyacrylamide, polyethylene oxide, 

. copolymers and thereof . 

The U""Qn,',nn also provides a forward 

according to the third 0"' ... ''''' .... ' 

a semi-permeable membrane 

water in the 

separating 

!oJ .... ""',,.,;;> through the 

moves into the draw 

to form 

may be as described 

In order the may be fully understood 

effect there shall now described way of example 

such 

practical 

exemplary 

20 embodiments, the description being with rQt&~r'::'I"I~ to accompanying illustrative 

drawings. In the nr<:>'A/II""" 

Figure 1 

representation of the 

a schematic representation 

up measure forward 

(b) a photographic 

flux; 

Figure 2 shows an example of the semi-IPN hydrogel disc; 

25 Figure 3 shows (a) equilibrium swelling ratio at room temperature, percentage 

water recovery after 10 minutes dewatering at 40°C in water the bulk hydrogels, 

and swelling ratio after complete dewatering of the hydrogels at 40°C in water; and 

(b) deswelling profiles of hydrogel particle aggregate discs from a relatively low 

swelling ratio of 2. All the hydrogels had a dimension of 24 mm diameter and 3 mm 

30 thickness; 
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Figure 4 shows differential scanning calorimetric (DSC) of the hydrogels 

showing lower critical solution temperature transition in the hydrogels; 

Figure 5 the flux generated by the hydrogels during each hour 

(column) and the corresponding swelling ratio (dot) in osmosis 

5 experiments. The column represents the average flux calculated from weight 

10 

In .... rOl1noru in the hydrogel hour. For. example, the first column of 

represents the average flux generated in first hour, and first 

two dots are the swelling before after The dots 0 

6 

for a 5 hour 

reversible 

hydrogel has 

simultaneously to 

point swelling· (OPSRs); 

ideal situation is that 

ratio (EPSR) 

The 

hydroge/s 

of 

reversible 

OPSR 

15 ratio which the water 

represents 

and OPSR 

definition mentioned in 1"01",1".0",,,,,,·.,,, the F<>\I,"I"""""'" 

swelling OPSR; 

Figure 7· shows the reversibility of osmosis-deswelfing 

cycles. five dots in the flux 

20 corresponding one hour. The process (dashed line) duration is 10 

minutes is not to scale relative to the forward osmosis process duration; 

8 shows the influence of membrane/hydrogel area on the forward 

osmosis performance of SI-O.2PSA ppm brackish water is feed solution and 

dry hydrogel weight in all three cases is approximately 400 mg; 

25 Figure 9 shows a quasi-continuous forward osmosis desalination set-up using a 

semi-IPN hydrogel as the draw solute. Apart from the energy needed to pump the 

saline water through lumen of the hollow fibers, the periodic temperature 

modulation within 1S"C 25 to 40°C) is essentially the only driving 

force for desalination in configuration. This temperature difference can be readily 

30 obtained using warm air generated from industrial waste heat; 
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Figure 10 water flux (solid symbols) swelling (hollow symbols) 

profile for different hydrogels; 

Figure 1 shows the effect of different density of hydrogel on 

flux (solid symbols) and swelling ratio (hollow symbols); 

5 Figure 12 shows the deswe/fing profile of different hydrogels at 60°C; and 

13 shows the polyionic liquid hydrogels and their 

and r-"+'+"+·+-1'1 

and 

10 Forward r'I"'l"nA""'" U';::: ... OIll consumes has less 

problems to the widely used reverse technique to treat water. 

The forward osmosis desalination allows water molecules to move from 

feed solution to the osmosis draw solution by using an osmosis draw solution n~"'lnt'"l 

a concentration than the then a draw solute from 

15 the osmosis draw solution, reuse it, produce t .. """,1-c,rj 

of desalination is the use of an efficient 

important Cl';:'U'';;;'-'L 

effective draw solute. In 

particular, the draw the following properties: generate high 

osmotic pressure or water drawing capability, be less 

consumption, Jess or non-toxic, have reverse diffusion into the feed solution and 

20 cause minimal or negligible membrane degradation. 

The present invention relates to an improved draw solute. The present invention also 

relates to the use of suitable solutes in a forward method in order to 

effectively purify water from feed solution at low cost and low energy. In particular, 

the draw solufe used in the method of the present invention lowers energy cost 

25 required in the separation and recovery of the purified water product during the 

forward osmosis process. The draw solute of the present invention has almost zero 

reverse diffusion, and is self-regenerated during the deswelling or de-watering 

process during the heating cycle. 

The draw solute for forward osmosis may be a semi-interpenetrating (semi~IPN) 

30 hydrogel comprising at least one thermally responsive polymer and at least one 
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hydrophilic polymer. semi·IPN hydrogels show thermally responsive 

swelling and dewatering behaviour. In particular, temperatures, semi-

IPN hydrogels rapidly release almost the water absorbed forward 

osmosis process carried out at room temperature. Even more in particular, the 

method of the present invention nrr""r,,,,,,,, low-energy consuming method in which the 

process is by temperature within a moderate range. 

According a first a;;>;J<J\...~, \/""""Itll".1"> nIT""'''''''''' a draw solute 

comprising a semi-interpenetrating 

IPN fnrn.n<:;,,, IVU,..H·\'F,C>",><:, at one 

hydrophilic 

hydrophilic state 

hydrophobic 

temperature. 

suitable 

invention. In 

The term -tl"l." .. "" 

and 

absorption 

wherein the 

absorption 

release 

may for the 

polymer. 

temperature 

forward osmosis nrn,,-,,:,,,, 

one 

a 

and a· 

to changes in 

of the present 

suitable'thermally 

to achieve water 

20 According to a particular the least one thermally responsive ""'I'\,'""",:>r 

be a polyionic thermally responsive polymer. The one thermally 

polymer be, but limited to: poly(N-isopropylacrylamide) (PNIPAm). 

poly(N,N' -diethylacrylamide), poly(N~vinyl isobutylamide), poly{N-vinyliactam), 

polyvinylmethylether, poly( dimethylamino )ethyl methacrylate. poly(tetrabutyl 

25 phosphonium p-styrene sulfonate). poly(tributyl-hexyl phosphonium 3-

sulfopropylacrylate). polypropylene oxide, polyacrylamide, polyethylene oxide, 

polytributylhexyl phosphonium 3-sulfopropyl methacrylate, 

polytetrabutylphosphonium maleate, polytetrabutylphosphonium 

copolymers or blends thereof. 

30 The poly(N-vinullactum) may be selected from the following: 
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The hydrophilic polymer be suitable polymer. For example, the polymer 

or charged functional groups to make polymer hydrophilic 

soluble in water. According to a particular aspect, at least one 

5 polymer but not limited to: polyacrylamide, polyethylene 

acrylate 

semi-IPN 

semi-IPN hydrogel 

in the presence 

10 a semi-IPN 

one or more linear 

The 

15 hydrogel 

According to a 

permeable membrane 

In particular, the 

on the surface of 

(PVA), or 

In the 

comprising one or more 

characterized by the penetration on a 

one of networks by least· some the linear or 

may be in suitable form. For example, the 

a bulk hydrogel, continuous film or 

hydrogel may be f'r,1:ltf,:>/"l semi-

osmosis method of the nrt:>,CQI .... t invention. 

hydrogel may be coated as a layer or as multiple 

i_""",. ..... '''''<>t-.lo membrane. 

20 The semi-IPN hydrogel may be, but not limited to, PNIPAm/PSA, PNIPAm/PVA or 

combination thereof. In particular, the PNIPAm/PSA may be formed by polymerizing 

N-isopropylacrylamide (NIPAm) in presence of linear PSA. In particular, the 

PNIPAm/PVA may be formed by polymerizing N-isopropylacrylamide (NIPAm) in the 

presence of linear PV A. It would be understood by a person skilled in the art that 

25 reference to the semi-IPN hydrogels PNIPAm/PSA and PNIPAm/PVA is different 

from a copolymer of PNIPAm PSA, and PNIPAm and PVA, respectively. 
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semi-IPN hydrogel may be capable of switching from a hydrophilic state to a 

hydrophobic state when semi-IPN hydrogel is a temperature above a 

lower critical solution (LCST) of semr-IPN hydrogel. 

The term "lower critical solution temperature (LCST)" refers the 

5 temperature at the solute may dewatered. The LCST is dependent on 

10 

15 

the may range from 30-60°C. In particular. the 

solute may be 37-52°C, 40-50°C, LL'"\_,,,""'-' more in 

the 30-35°C. However, it to a person 

vary on solute. 

to a particular asr:,ect the switching hydrophilic to 

semi-IPN hydrogel is hydrophobic 

heated to a the switching may at a 

temperature of 

. in particular, 

person art 

hydrophobic 

since 

may comprise 

inorganic material. 

from 

which would 

continuous or 

on 

more 

to a 

to the 

draw solute 

n\/I'lrnnlQl and particles an 

particles. For 

20 example, inorganic material clay or carbon particles. inorganic 

material incorporated into hydrogel by suitable method. For 

example, the material may be included together with 

monomers, initiators and cross-linkers at the time of preparing 

hydrogel. 

polymerizable 

semi-IPN 

25 According to a second aspect, the present invention provides a forward 

method comprising: 

contacting a feed solution and a draw solute a semi-permeable membrane 

positioned therebetween, such that feed water in the feed solution passes 

through the semi·permeable membrane by osmotic pressure moves into the 

30 draw solute, wherein the draw solute is a semi-interpenetrating (semi-IPN) 
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hydrogel comprising least one thermally responsive polymer and least one 

hydrophilic polymer; and 

separating the water from the draw form water product 

suitable semi-IPN hydrogel may used for the purposes of the present 

invention. In particular, the semi-IPN hydrogel may be as described above. 

According to a 

solute at a temperature 

temperature of 32-68°C, 

aSllec:t, the separating may comprise draw 

35-70°C. In particular, the heating be carried out at a 

40-60°C, 45-58°C, 50-53°C. more 

25 in particular, the heating may be carried out about 40°C. However, it would 

clear to a person skilled in the art that the heating may be at a suitable temperature 

such that the temperature is above the LCST. Accordingly, the heating may be 

carried out at a suitable temperature which would depend on the draw solute since 

different draw solutes have different LeST. 



to a particular aspect, 

and feed solution with the 

12 

contacting comprises contacting the draw solute 

'_n<~r",,'Q""''-'''''' membrane such that water 

from the feed solution penetrate semi-permeable membrane and into draw 

solute, thereby draw The solutes in the feed solution are rejected 

5 by the semi-permeable membrane. Subsequently, the separating may comprise 

10 

20 

25 

immerSing swollen draw solutes into pure water with higher the 

LCST of draw solute to cause the. to shrink, In this way, 

flows along warm 

the draw solute. During 

from the 

in the COF'~r~UI 

Further, the 

exchanger to 

of the draw 

is 

"'t";,'\t"',i"t conditions 

membrane 

contacting. In 

as air, to ensure the water is 

forward osmosis method, 

is smail. Th,tlrc.tf'll'Q 

obtained from 

water to cool 

method more 

may 

by 

the 

{"""\'>I"\";"''''' conditioning the 

draw prior 

swelling the draw prior to the contacting. 

may comprise 

conditioning ensures that the 

equilibrium swollen state the draw solute is reached prior to contacting. 

conditioning may 

conditioning may 

which is the same 

particuiar, the conditioning 

temperature about 40°C. 

out under suitable conditions. For example, 

draw solute in water at a temperature 

temperature at which the separating takes place. In 

comprise draw solute in water at a 

The semi-permeable membrane be any suitable for forward 

osmosis. In particular, the semi-permeable membrane be a semi-permeable 

separation layer for forward osmosis which is permeable for water and non-

30 permeable for the subject materials to be separated. The semi-permeable membrane 

may be in any suitable form. example, the semi-permeable membrane may 

comprise hollow fibers. According to a particular aspect, semi-permeable membrane 

may comprise hollow which may with at least one layer of the draw 
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membrane 

13 

a particular <::101"<;;'_'. the draw solute and the semi~permeabie 

attached to other by means of Van der vaal's forces, 

covalent bond, ionic barometric pressure and the like. According 

another aspect, the draw may be formed on 

5 membrane. 

According to a third aspect of 

forward osmosis 

present 

hydrogel 

there Is provided a draw 

at least one thermally 

responsive 

allow 

the hydrogel switches between a hydrophilic state 

. 10 allow rHIl~H~;F! 

20 

The 

formed 

polytetrabutylphosphonlum fumarate, 

monomers of the polyionic 

Monomer 

tetrabutylphosphonium ~styrene 

sulfonate 

tributylhexyl phosphonium 

methacrylate 

a feed and a hydrophobic state 

in 

In 

to: 

polytributylhexyl 

respective 

1. 
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10 

tributylhexyl phosphonium 3~sulfopropyl 

acrylate 

tetrabutylphosphonium maleate 

According to a 

the hydrogel inorganic 

particles. The inorganic particles may 

inorganic particle may be 

inorganic materia! be clay 

incorporated into hydrogel 

m!:lt""r!~1 may be included together 

14 

9 

monomers 

9 

9 
HOy~Ao· 

./ o 

solute may comprise a 

The inorganic material may 

suitable particle or fillers. 

inorganic 

example. 

or discontinuous particles. For example, the 

particles. The inorganic material be 

method. example, inorganic 

polymerizable monomers, and 

cross-linkers used in forming the polyionic thermally responsive polymer. 

According to a particular aspect, the draw comprising the polyionic thermally 

responsive polymer may be a semi·IPN hydrogel. semi-IPN hydrogel may be as 

described above. 

15 The present invention also provides a forward osmosis method comprising: 
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solute 

15 

contacting a a draw according to the third ast~ect 

via a semi-permeable membrane positioned therebetween, such that 

water in feed solution passes through the semi-permeable 

membrane osmotic pressure and moves into the draw and 

separating the water from draw solute form a purified water 

product. 

as 

rno.tnr\rI may be as described 

comprise conditioning the 

Having now generally described the the same will more readily 

understood to the following examples are by way 

of illustration, are not intended to be lIrT"llTtn,n 

Example 1 

Materials 

N-isopropylacry\amine (NIPAm, 2::98%) was 

Industries Ud. (Japan). N,N' 1Tl""rn"''''n'''~,.'s,, __ , 

from Chemical 

(MBA) (2::99%, 

20 sodium acrylate (97%). polyvinyl alcohol and , N'-

tetramethylethyienediamine accelerator,. 99%) were purchased from 

Sigma-Aldrich. Ammonium peroxydisulfate (APS) (initiator, 98%) was 

Alta Aesar. PSA was prepared by free radical polymerization via 

standard methods (U et 2004; Yamashita et ai, 2003), Forward osmosis 

25 membranes made from cellulose triacetate (lot No. 110707 -ES-1) were supplied by 

Hydration Technologies Inc. (HTI), USA. Deionized water (18 M.Q*cm) was used 

experiments; all chemicals were used as obtained. 

Preparation of hydroge/s 
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The PNIPAm/PSA PNIPAm/PVA semi-IPNs were synthesized 

NIPAm in the presence of linear and PVA, respectively. As 

PNIPAm/PSA hydrogel was synthesized by of 

The compositions are 

Sample Code 

1M PNIPAm PNIPAm 

PNIPAm-co~PSA co-O.2PSA 

SI-O.2PVA 

SI-O.5PVA 

5 2: Synthesis COlrnOll.lS"l:lOI 

NIPAm concentration 

predetermined amount 

NIPAm 
(M) 

1 

0.8 

O.B 

0.8 

0.5 

SA 
(M) 

0.2 

D.2e 

in 2. 

PYA MBA APSe TEMED 
(M) (mM) (mM) (mM) 

20 10 10 

20 10 10 

16 

6 8 8 

5 5 

to prepare SI-0.5PVA, the 

or PYA were first dissolved in 01 

water at under constant a homogeneous solution was made. The 

10 solution was then cooled room temperature bubbled with pure nitrogen "for 30 

minutes TEMED were added in sequence. The polymerization was 

carried out 24 at room temperature. The semi-IPN hydrogels were washed 

with large quantities of 01 water for 5 days with a change water every 8 hours to 

leach the low molecular weight molecules. 

15 Characterization 

The hydrogels were immersed in 01 water 3 to ensure the equilibrium 

swollen was reached. The swollen hydrogels were cut into disks with a 

diameter 24mm and thickness of approximately 3mm, and then immersed into 
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15 
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40°C 10 minutes to measure the dewatering excess free water 

for 2 seconds 

measurement at 40"C 

on the hydrogel surface was removed by a gentle vacuum 

before weighing. The disks after the ""'''''AI'''' 

were in a vacuum oven at 50"C until a constant weight (Wd) was reached, 

of hydrogel at 

state. 

The 

A 

ratios and water retentions during the deswelling 

swelling ratio is defined as (WCWrj)lWd• where WI is weight 

time during Wd is the weight 

of each 

Q 1 0 Modulated 

rate 

assessment 

hydrogel <:>rI,MI"C,n""tc was T",r,n,-.",,,,:,,, 

<200 11m in size. was allowed to 

completely 

a 

for 

mg 

approximately to form an ,nt~,.,.... .. !:>1 

20 approximately 3 mm, as shown in 

to a swelling 

n/r"'I"<:I' thickness 

was allowed to 

Oe!,WEm at 40"C in water. The was obtained monitoring 

decrease as a function time. discs maintained excellent 

mechanical integrity during swelling and deswelling studies. hydrogel disc, 

pre~conditioning first swelling to a ratia af 2 followed deswelling to an 

25 equilibrium plateau 40°C, was then placed on osmosis to 

measure its performance as a draw agent for brackish water. The water flux is 

defined as v/(A*t), where V is the volume (L) water permeating through the 

membrane, A is the contact area (m2) between the hydrogel and membrane, and t is 

the forward osmosis process time (h). The water measurement was conducted 

30 for 5 hours using an apparatus built in-house as shown in Figure 1(a) and Figure 

1 (b). The chamber filled with an aqueous solution of 2000 ppm NaCI (brackish water) 

and a forward osmosis membrane was with a rubber O-ring that was 

compressed via screws. A small tube linked the chamber with the ambient air. The 
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water level was maintailied approximately 5 cm higher than the forward osmosis 

membrane ensure the brackish solution was always in contact with the 

hydraulic in small 

water was determined 

5 increase. stirring in the brackish water was 

15 

polarization. After the forward osmosis process hydrogel was 

40°C water to absorbed water. The cycle was .. ", .. ,,,,,.,t,,,rI 3 

the reversibility of 

",,'~,urln and JR.<;:WR'lllfln 

PNIPAm. Although 

same 

hydrogels as a forward osmosis draw solute. 

a 

even though 

NIPAm-SA copolymer hydrogel 

as semi-IPN 

chains 

into 

to study 

enhances 

which the 

shows similar 

20 improved swelling ratio, the copolymer hydrogel gives virtually no water 

recovery under the same conditions. The PNIPAm and the semi-IPN 

uwrnON from particle aggregates can rapidly dewater and shrink from 

even a swelling ratio (SR) of about 2 at 40°C (Figure 3(b». All the thermally 

semi-IPN hydrogels reached equilibrium, the minimum plateau 

25 swelling at after only 10 minutes of desweiii ng, while the NIPAm-SA 

copolymer continues absorbing water at the same temperature shows no water 

release. In this example, the focus is on the dewatering behaviour of hydrogels 

from a low initial swelling ratio of 2, although studying the dewatering behaviour of 

the hydrogels from a high swelling ratio (e.g., from their maximum or equilibrium 

30 swell ratios) is still useful 3(a». For observing use of the hydrogefs as 

draw solvents in a forward osmosis process, it is more relevant to understand the 

dewatering from a low swelling ratio because the water flux generated by the 

hydrogels diminishes when the swelling ratio is. higher than 2 according to this 
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example. The and efficient thermally induced recovery (dewatering) of 

the semi-IPN hydrogels at the low swelling ratio is an advantageous characteristic for 

the semi-IPN for use as draw solutes, will be discussed in more 

below. better comparison, 

as the onset point swelling ratio (OPSR) 

plateau swelling ratio at 40°C was 

which the hydrogels start to water 

across the membrane in the forward osmosis process. In other the 

subsequent forward studies, all hydrogels were first pre-conditioned 

. at 40°C before being solutes. Based on 3{b), OPSRs for 

PNIPAm, SI-O.2PVA, SI-02PSA are ,O.73±O,01, O.75±O.01 

10 and 

the 

preserved rn",,,,,,,", it om,SIDle 

Another point 

and 

of 1:4 for 

ratio 

can be """,,"Ul'P" to the 

thermo-sensitivity is 

is the deswelling 

similar room 

during the "1""..,,..,I·,, ....... ,,,,rl·7<::> 

to higher 

the formation 

a 

the 

same 

immobilized COO- and as well as strong 

20 charges from 

aggregates due the 

electrostatic repulsion; 

the linear polymer mitigate 

localized charge from semi-IPN 

influences on the hydrophobic 

mobility of 

r""l"!~rQ formation, 

4 shows that all the hydrogels are thermally sensitive LCSTs 

between to 35°C close to the PNIPAm, Interestingly, the of the 

semi-IPN hydrogels are counter-intuitively lower those the PNiPAm. This 

phenomenon was ascribed to a unique effect due to hydrogen bonding between PVA 

and PNIPAm for PNIPAm/PVA semi-IPNs. While there still may be hydrogen 

bonding between PSA and NIPAm, the PSA, a polyelectrolyte, have an 

30 effect analogous other inorganic electrolytes NaCI or NaN03), which were 

shown to have caused the lowering the of PNIPAm. The existence the 

LCSTs in semi-IPNs containing linear hydrophilic polymers is the basis for these 

hydrogels to have a substantially higher swelling ability than the PNIPAm while 

maintaining an excellent thermally responsive behaviour. Note that no LCST was 
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0''''' .... '.0',., in same temperature range the NIPAm-SA copolymer 

Figure 4). 

FOlWard osmosis process and reversibility 

In contrast to prior studies using hydrogels as a draw agent in which 

5 process was started hydrogels, the forward 

10 

corresponding swelling 

forward 

polyelectrolyte 

terms of 

water flux in 

in the subsequent cyclic 

The pre-conditioned hydrogel 

membrane as draw 

meter per hour (LMH) and 

during the 

polymer or 

",-",1""""'" in 

eS[)eC:lalllv a 

15 polyelectrolyte, PSA, the water flux 

visible in Figure 5 that 

the 

than SI-O.2PV A. A more 

riiff,,,,.-,,,,!nt hydrogels 

20 The plots of LMH versus swelling 

clearly indicate decreasing 

semi-IPN hydrogels generate a 

to f'nnnn<:> to water 

the water flux at the same 

for the hydrogels, in Figure 

of flux with increasing swelling All the 

water flux than the PNIPAm hydrogel at 

swelling ratio. For example, at a ratio 1, the water fluxes by the 

semi-iPN hydrogeis are to 0.18, 18 0.12 LMH for SI~O.2PSA, SI-

25 O.5PVA and SI-O.2PVA, which are 2.6, and 1.7 times the 0.07 LMH for 

the PNIPAm On the other hand, as discussed earlier (Figure 3(b)), the 

incorporation PVA or PSA increases the Which are the pOints from which 

the forward osmosis process commences (OPRS was earlier as the plateau 

swell ratio after dewatering at 40°C with reference to Figure 3). Therefore, the semi-

30 IPNs as draw agents were operated at higher swelling ratios than PNIPAm. 

disadvantageous in terms of water flux. Fortunately, the enhancement of 

drawing effect of PVA or PSA incorporation outweighs the negative effect of 

increasing the OPSR in the seml-IPNs as shown in Figure 5. For example, the 
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average water fluxes generated by SI-O,5PVA SI-O.2PSA are 85% and 58% 

higher than that of the PNIPAm for the hour in the forward process. 

I 
The competition oerweEm these two effects for the three also determines 

performance in the forward process. At same swelling the 

5 water flux by the SI-O.2PSA (O.183LMH at ) is virtually same as 

10 

15 

for SI-O.5PVA (0.1 ), as seen Figure 6(a). However, the 

O.5PVA therefore a larger swelling ratio between 

the deswelled state 40"C) than 

SI-O.2PSA during 

besides 

0.66, 0.74 

This means 

even though 

LMH versus 

each other. In order to 

6(a) 

understand 

more water 

by 

PNIPAm, 

In 

and 

20 hydrogels, it is to introduce reversible 

swelling ratio parameter, is the difference the (defined 

earlier) and the EPSR (end point swelling ratio). is the swelling ratio the 

at the of the room temperature forward osmosis drawing process, prior 

to the dewatering by to 40°C. schematically shows that 

25 the forward osmosis process using a as the draw solute, the 

hydrogel from OPSR to the whiie the fiux reduces from 

LMHooset to LMHend • Because of their thermally responsive behaviour, the swollen 

hydrogels will undergo dewatering and shrink to the upon heating to 40°C. 

This allows the next of forward osmosis drawing using the 

30 hydrogels. The amount of water, mw,recovered, that can be recovered from a hydrogel 

during· one forward osmosis drawing and de.watering is determined by the 

reversible swelling ratio span, Le., EPSR-OPSR. In fact, 

mw,recDvered = (EPSR-OPSR) x mgel,dry. 
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where mgel,dry is the mass hydrogel used, If for ease comparison 

between the hydrogels in example the is defined to the when the 

flux is reduced 0,1 LMH, the PNIPAm and the semi-IPN 

hydrogels can be from Figure 6(a), 3 tabulates the values of the 

5 OPSR. EPSR and (EPSR-OPSR) of these hydrogels, 

Hydrogel Code OPSR EPSR EPSR·OPSR 

PNIPAm 0,22 

1,W 0,45 

0,92 .50 0.58 

SI-O,5PVA 0,75 1,50 0.75 

3: OPSR, 
semi-IPN nViarc)c.JEIIS. 

of the PNIPAm and 
swelling 

when the 

1Q It can 

PNIPAm 

O.5PVA is 

15 NIPAm 

the 

is 240% 

based hydrogels, 

,."", ... IIn,... power and hence the 

(virtually the same value as the 

than 

PNIPAm 

PSA is expected to have the highest 

EPSR However, its OPSR is high 

the PSA hydrogel is not expected to 

I"IO"""'T,,,,r at Hence the mW,recovered is virtually 0 during the thermal 

between room 40°C, other although thermally 

20 hydrogel has lowest OPSR, its is also low, in 

either case, the amount of recovered water is small. For the semi-IPN hydrogels, the 

incorporated hydrophilic PYA or PSA chains not only water flux and 

substantially, but also preserve the 

Although the OPSR values are higher in the 

responsive properties. 

compared to the PNIPAm, 

25 they still yielded larger amounts of water during temperature-driven forward 

osmosis drawing (at room temperature) and dewatering (at 40°C) cycle. Therefore, 

balanced forward osmosis drawing and dewatering properties are the essential 

characteristics that make these semi-IPNs suitable candidates as forward osmosis 
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draw Accordingly, draw solutes should comprise with an 

OPSR after heat dewatering is as low as possible with an EPSR 

is as high as for a LMHend as suggested by Figure 6(b). 

Figure 7 shows the water flux versus time for three consecutive cycles for semi-

5 IPN . PNIPAm hydrogels, which indicates the drawing dewatering 

10 

15 

cycles are highly hydrogels was imparted by the 

thermo-sensitivity 

polymers that 

the 

the 

more water during one cycle. 

while incorporated 

to absorb and ",,,,,.1<:1<:',", 

Tl"lf'lJII::JI,-n osmosis using a 

water 

forward 

rate are 

the 

area 

same 

water 

solution 

{400 is 

agents are 

as NH3HC03, 

nQr,;,tlr,n during 

since 

... nr~t~;f"t area ,,,;;,,u/,,,,,,,,, 

It is clearly seen in 

actual 

drawing 

hydrogel 

a larger 

a hydrogel In this 

",nn .. :;..on onto a membrane area, the water 

20 diffusion path is decreased, thereby facilitating more rapid swelling. These results 

indicate that 

forward /"'>Qn,,",<:!I 

hydrogel thickness and its I""" ... t!:l,l"t area with the 

performance would result and duration of the 

forward process can be further reduced. The semi-IPN hydrogels when 

used as draw solutes may integrated into a forward osmosis hollow fiber module. 

25 Figure 9 shows a conceptual design of a quasi-continuous temperature driven 

desalination module with a semi-IPN hydrogel coated onto outside surface of the 

forward osmosis hollow fiber membranes. In the forward osmosis process the water 

from the feed solution (which flows through the lumen the hollow fibers) permeates 

through the membrane at room temperature (e.g., 25"C) due drawing by the 

30 hydrogel as it swells. Subsequently the dewatering .process is by a 

moderate heating to 40°C at which the swollen hydrogel releases the desalinated 

water. The 'cooling and heating' cycles as shown schematically in Figure 9 can be 

continued to allow an essentially temperature-driven forward osmosis desalination. 
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The design is regarded as quasi-continuous since the desalinated water can 

collected during heat induced deswelling Using semi-IPNs 

described above,. a temperature modulation of {e.g., between 25 

40°C) may drive desalination process. A condition 40°C is 

. 5 very because it not only saves energy the cost, 

degradation. example, it is that is the 

limit for long term of forward osmosis from (HTI 

sheet). to absorb water from the water a 

temperature below their LeST, while they deswell to desalinated water 

10 COilleC1JOn at a neE:me~o to 

15 

dissolved in water make 

aqueous 

20 methylenebisacrylamide 

from 5wt% to 2Swt%. Crosslinker N'­

,N' -Tetramethylethyleneiamine (TEMEO) as 

persulfate (APS) were added the solution in 

to polymerize the monomer. Hollow fiber membrane outer surface was 

contact the solution and hydrogel was coated on surface the 

polymerization completed. 

25 

(b) N-isopropylacrylamide (NIPAm) and sodium acrylate (SA) were dissolved in 

deionized (01) water to make aqueous solution concentration to 

25wt%. TEMEO, and MBA were added and synthesized was dried 

and pulverized after through washing. The pulverized particles were used to fill the 

30 voids between hollow fiber membranes. 

(c) NIPAm was polymerized and crosslinked by MBA, TEMED and APS in the 

presence of poly sodium acrylate. When the viscosity of the solution increased to sol-



like, it was poured into the 

hydrogel was formed OSllWE!Sn 

25 

between hollow fiber membrane 

and coalted on fiber 

(d) hydrogel was with solutions consisting of NIPAm monomer, 

5 initiator and accelerator (TEMEO) as well as clay Laponite-S as the 

10 

15 

20 

Ilnl",,,,",,>or concentration varied from 5 wt% to 25 wt%, and the Laponite-

S was from 6 wt% to 15 wt%. The premixed <>,-,nu,v, was poured into 

the voids between the fibers, hollow fiber ..... orn"' .. """''''' 

was fabricated. 

A 

2 

on 

same 

and PNIPAm-PVA 

swelling 

are shown 

behaviour have 

suitable as draw for 

osmosis desalination while the copolymer 

or monomer ",...' .......... " ... itin.'" showed no such 

of tetrabutylphosphonium p-styrene sulfonate (P4444 SS) 

44.8 mg of crosslinker polyethylene glycol dimethacrylate (0.226 mmo!) 

and mg of photo-initiator benzophenone (0.113 mmol) were dissolved in 5 9 

(11.3 mmol) of P4444 SS to a homogeneous solution. Bulk was 

performed 2 exposure to UV light. The hydrogel was then in 

25 deionized water leach out unreacted molecules. After that, hydrogel was dried and 

ball milled into powder ready for use. 

For the preparation of polytributylhexylphosphonium p-styrene sulfonate (P4446 58) 

hydrogel, 3 gram of 8S 0.8 gram of P4446 SS was blended, into which 

33.6 mg polyethylene glycol dimethacrylate (Mn :::: 198 Da) and 1 mg of 

30 benzophenone were added. The solution was purged with N2 for 15 minutes and 
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exposed to UV for 2 was washed, dried ball 

milled into powder ready use. 

the preparation polymer sodium saft of styrenesulfonic acid (poly SS Na) 

hydrogel, 2 gram of sodium p-styrene sulfonate was dissolved in 10 gram water and 

5 24.6 mg N,N'-methylenebis(acrylamide), and 21.7 mg of 2,2'-azobis(2-

10 

dihydrochloride was 1 

poiymerization was conducted 

ball milled 

.7 

of "nH' .. '" 

UV 2 

milled into powder use. 

use. 

was 

hydrogel, . 3 of 

solution, 

1 

15 minutes 

and 

15 The PNIPAm PNIPAm-PVA hydrogels were 

"""nu"",, 1 above. 

in same 

manner as rloc,!"rll'\Orl 

The of monomers are as shown in the Table 4 

Monomer Structure 

P4444 SS 
Bu 
\ 

Bu- P+-Bu 
I S :3 
Bu 

-
P4446 S8 

Bu ~ I 0 

Hex- P+-Bu 

~u SO; 
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NIPAm 

SS Na 

Swelling 

weight, mo is 

27 

5==0 
NH 

~ 

N 

different monomers for preparing 

flux 

solutes were 

was 2000 ppm 

as SR=(m-mo)/mo, where m is 

initial dry hydrogel Water flux is as WF=!J. m/(A·t), 

10 where t:,. m is weight increment (kg) the hydrogel within the time (hour) 

and A is hydrogel area membrane in the forward osmosis 

process. 

The results obtained are shown in Figure 10, with the solid symbols showing the 

water flux as a function of time, and the hollow symbols showing the swelling ratio as 

15 a function of time. In obtaining the results as shown in Figure 10, the hydrogel 

contact area with the feed solution was 4.5 cm2 , and the packing density of the 

hydrogel was 0.6 g/4.5 cm2. 

Figure 11 shows effect of different packing density on the swelling ratio and 

water flux for hydrogel comprising copolymer of P4444 and P4446 (4: 1 mol ratio) 



hydrogel. Figure 11 

faster) as density is 

packing density. As shown in Figure 

28 

hydrogel swells faster 

However, there should be an optimized 

the P4444-6 85 hydrogel (copolymer) has a 

<':'A""lIIr,n ratio about 1 after 5 minutes desweHing. From continuous 

5 perspective look Figure 11, for each packing starting from swelling 

1, the swelling ratio increased -0.3 within one hour. is 0.3 g of water for 

packing of 1 em". Similarly, the swelling -0.8 within 

one hour was absorbed 0.6 g/4:5 ratio 

g water was 

10 swelling and -0.4 g water was <:>ne,nr,",orl 

for packing of it can that packing 

of cm:? 

Measurement hydrogen 

2 g of swollen hydrogel:; swelling about 4 is put on a hot plate with 

15 temperature BO°C. The rY""Q,rT area with the 4.5 

20 

hydrogel's weight was measured 09JriO(jiCC21l to monitor hydrogel's 

The obtained are <:nrl\ftln 

In 12, S8 

not thermally responsive, Its 

grITnl'IT£> hydrogel which normally is 

is relatively slow due to water 

evaporation. While other extreme is PNIPAm which is typically non-

ionic thermally responsive, deswells very 

Measurement of LCST 

The lower critical solution temperature (LeST) of hydrogel was determined by a 

differential scanning calorimeter (TA Q10 Modulated D8C, TA Instruments) (DSC). 

25 The hydrogels were swollen to swelling ratio of about 3 before the 

measurement. For each DSC measurement, approximately 20 mg of swollen 

hydrogel was placed into a hermetically sealed aluminium pan. The temperature 

range was 20°C to 70"C at a heating rate 1 "C/min, Dry nitrogen was used for 

purging at a flow rate of 50 mUmin. 

30 The results are shown in Figure 13. The P4444 SS polyionic liquid hydrogel was 

thermally responsive with LCST of -BO°C, so at it deswelled slowly although 
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.still faster than S8 Na hydrogel. copolymerizing with 20% mol of NIPAm, 

LeST did not decrease (-58°C) but with the presence NIPAm segments, 

deswelling performance improved. Further, by copolymerizing with 20% mol of 

P4446 88, which is hydrophobic, the Le8T reduced to -45°C deswelling 

5 rate was acc:eleratE~a 

15 

From 

P4444-6 

obtained, it can seen liquid hydrogels of P4444 S8, 

responsive since peaks are seen in 

since there is no peak. 

P4444-NIPAm are th"" .. rn~1 

13 while S8 Na is n""'~_trl'" 

the foregoing has 

skilled in 

construction 

1. Li, Y. et 

2. Yamashita 

ion adsorbent 

embodiments, it be 

concerned that in details of 

be made without from 

on san-resisting 

5(1 and 

I-'."'_T\lr,,,, stimuli-responsive heavy-metai 

eCnnOIC)Oles. 14:189-1 



30 

Claims 

1. A system for forward osmosis comprising an aqueous feed solution, and a draw

solution comprising a draw solute comprising a semi-interpenetrating (semi-IPN) hydrogel, 

wherein the semi-IPN hydrogel comprises at least one thermally responsive polymer and at least 

one hydrophilic polymer, wherein: 

the semi-IPN hydrogel has a repeat unit molar ratio corresponding to a ratio of moles of 

repeat units of the hydrophilic polymer to moles of repeat units of the thermally responsive 

polymer, wherein the repeat unit molar ratio is from 0.25:1 to 1:1; 

the semi-IPN hydrogel switches between a hydrophilic state to allow absorption of water 

osmosed from a feed solution and a hydrophobic state to allow release of the absorbed water in 

response to changes in temperature;  

the semi-IPN hydrogel is selected from the group consisting of: poly(N-

isopropylacrylamide)/polysodium acrylate (PNIPAm/PSA), poly(N-

isopropylacrylamide)/polyvinyl alcohol (PNIPAm/PVA), and combinations thereof;  

the semi-IPN hydrogel is capable of being dewatered by heating to a temperature of about 

40°C. in the absence of UV light; and 

the semi-IPN hydrogel has a reversible swelling ratio span of at least 0.45, where the 

reversible swelling ratio span is the difference between the end point swelling ratio and the onset 

point swelling ratio, where 

the swelling ratio at a time t is (Wt-Wd)/Wd, where Wt is weight of hydrogel at time 

t and Wd is the weight for the completely dry state; 

MCSLLP
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the end point swelling ratio is the swelling ratio of the hydrogel at the end of a room 

temperature forward osmosis drawing process when the water flux is reduced to 0.1 

LMH; and 

the onset point swelling ratio is the plateau swelling ratio after dewatering in water 

at 40°C in the absence of UV light. 

2. The system according to claim 1, wherein the semi-IPN hydrogel is in the form of

a bulk hydrogel, continuous film or particle aggregate. 

3. The system according to claim 1, wherein the semi-IPN hydrogel is capable of

switching from the hydrophilic state to the hydrophobic state when the semi-IPN hydrogel is 

heated to a temperature above a lower critical solution temperature (LCST) of the semi-IPN 

hydrogel. 

4. The system according to claim 1, wherein the semi-IPN is capable of switching

from the hydrophilic state to the hydrophobic state when the semi-IPN hydrogel is heated to a 

temperature of 30-70C. 

5. The system according to claim 1, wherein the draw solute comprises a composite

of semi-IPN hydrogel and carbon particles. 

MCSLLP
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6. The system according to  claim 1, wherein the draw solute comprises a composite

of semi-IPN hydrogel and clay. 

7. The system according to claim 1, wherein the LCST of the draw solute is from 30-

55°C. 

8. A forward osmosis method comprising:

contacting an aqueous feed solution and a draw solution comprising a draw solute via a 

semi-permeable membrane positioned therebetween, such that feed water in the 

aqueous feed solution passes through the semi-permeable membrane by osmotic 

pressure and moves into the draw solute in the draw solution, wherein the draw solute 

is a semi-interpenetrating (semi-IPN) hydrogel comprising at least one thermally 

responsive polymer and at least one hydrophilic polymer wherein the semi-IPN 

hydrogel has a repeat unit molar ratio corresponding to a ratio of moles of repeat units 

of the hydrophilic polymer to moles of repeat units of the thermally responsive 

polymer; wherein the repeat unit molar ratio is from 0.25:1 to 1:1; wherein the semi-

IPN hydrogel is selected from the group consisting of: poly(N-

isopropylacrylamide)/polysodium acrylate (PNIPAm/PSA), poly(N-

isopropylacrylamide)/polyvinyl alcohol (PNIPAm/PVA) and combinations thereof 

and wherein the semi-IPN hydrogel is capable of being dewatered by heating to a 

temperature of about 40°C. in the absence of UV light; and 

separating the water from the draw solute to form a purified water product. 

MCSLLP
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9. The forward osmosis method according to claim 8, wherein the semi-IPN hydrogel

is in the form of a bulk hydrogel, continuous film or particle aggregate. 

10. The forward osmosis method according to claim 8, wherein the aqueous feed

solution is at least one of an aqueous saline solution, seawater, brine, brackish water, mineralized 

water, or industrial waste water. 

11. The forward osmosis method according to claim 8, wherein the separating

comprises heating the draw solute. 

12. The forward osmosis method according to claim 11, wherein the separating

comprises heating the draw solute at a temperature above a lower critical solution temperature 

(LCST) of the draw solute. 

13. The forward osmosis method according to claim 11, wherein the heating is at a

temperature of 30-70C. 

14. The forward osmosis method according to claim 8, wherein the contacting is

carried out at room temperature. 

15. The forward osmosis method according to claim 8, further comprising conditioning

the draw solute prior to the contacting.  

MCSLLP
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16. The forward osmosis method according to claim 15, wherein the conditioning

comprises swelling the hydrogels prior to the contacting. 

17. The forward osmosis method according to claim 8, wherein the semi-permeable

membrane comprises hollow fibers. 

18. The forward osmosis method according to claim 17, wherein the hollow fibers are

coated with at least one layer of the draw solute. 

MCSLLP




