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Abstract

A comprehensive thermodynamic model is presented for swelling and salt partitioning of
poly (n-isopropyl acrylamide) hydrogels in aqueous sodium chloride (NaCl) solutions at 298 K.
Together with a Helmholtz energy expression for network elastic energy, a modified electrolyte
Nonradom Two-Liquid activity coefficient model is used to represent both the long-range
electrostatic interactions and the short-range van der Waals interactions present in the gel phase.
The model parameters include one network parameter per hydrogel system plus two binary
parameters per interaction pair in the polymer-solvent-salt systems. With semiquantitave
agreement with experimental data for both hydrogel swelling and salt partitioning up to salt
saturation, the analysis suggests the ion hydration between NaCl and water is the root cause for
hydrogel deswelling in aqueous NaCl solution at high NaCl concentrations, i.e., NaCl weight
fraction > 0.03. On the other hand, the strong repulsive interactions between NaCl and hydrogel

polymer is the dominant factor for salt partitioning.
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1. Introduction

Hydrogels are three-dimensional hydrophilic crosslinked viscoelastic network of polymer
chains. They can be natural, such as collagen, or synthetic, such as poly (n-isopropyl acrylamide)
hydrogels. Crosslinking gives hydrogels the physical structure and elasticity in their network,
making it possible to stretch or shrink. Depending on surrounding conditions such as
temperature, pressure, solvent composition, salt content, and pH, hydrogels exhibit significant
volume changes without changing their structural properties [1]. An increase in hydrogel volume
is known as swelling, and collapse is known as deswelling. This abrupt volume transition is
influenced by chemical properties of the polymer chain [2] such as the presence of hydrophobic
groups [3], the crosslink density, and interactions of polymer segments with solvents and salts .
Hydrogels that respond on external stimulus is called “intelligent” hydrogels [3, 4]. Intelligent
hydrogels have a broad range of applications, including enhanced oil recovery [5], contact lenses

[6], drug delivery [7], biosensors, pharmaceutical applications, and separation processes [3].

n-Isopropyl acrylamide (IPAAm) hydrogels, perhaps the most studied thermo-sensitive
intelligent hydrogel, have many interesting applications. IPAAm hydrogels can be used to
transport and release the drug inside the human body [3]. During the fracking process, self-
suspending particles called proppants may be encapsulated with IPAAm hydrogel to make it
highly viscous and prevent it from settling down inside the fracking site [5]. In addition, [IPAAm

hydrogels are well-known for application in biosensors and tissue engineering [8].

IPAAm hydrogel swelling is very sensitive to temperature and solvent composition.
IPAAm hydrogels are soluble in water (H20) and have a lower critical solution temperature

(LCST) at around 305 K [4]. The presence of co-solvents or salts in solution has dramatic effects



on the hydrogel swelling behavior. In pure water or organic solvents such as ethanol, [IPAAm
hydrogels show high swelling, whereas it deswells when the hydrogel is exposed in specific
mixed solvent compositions [2, 9, 10]. Also, the gradual addition of salts, such as NaCl, in water
decreases the hydrogel swelling, and the hydrogel shrinks abruptly after specific salt
concentrations [11, 12]. Park and Hoffman [13] reported temperature-dependent salt-induced
phase transition behavior (i.e., LCST) in aqueous solutions. Later, Du et al. [12] claimed the

polymer-salt interactions play a critical role in the shift of LCST.

A few thermodynamic studies have been reported in the literature for the swelling
behavior of IPAAm hydrogels under the influence of aqueous salt solutions. Hooper et al. [14]
presented a thermodynamic model to describe hydrogel swelling in aqueous salt solutions. They
investigated both IPPAm hydrogels and “ionized” IPPAm hydrogels formed by
copolymerization with ionic co-monomers. Defining a “swelling pressure” as the difference
between the osmotic pressures of the two phases, they calculated the swelling pressure with three
contributions: the elastic term from elasticity of deformed chain during swelling/deswelling, the
mixing term from polymer/solvent mixing, and the ionic term based on ideal Donnan equilibrium
to account for the “presence of mobile and bound ions.” Three “exchange energy” parameters in
the mixing term were used to regress isothermal swelling data. Partitioning of solvents and salts
in the coexisting phases (the gel phase and the bulk liquid phase) was not addressed. Later
Maurer and Prausnitz [15] presented a comprehensive thermodynamic framework to describe
swelling behavior of nonionic and ionic hydrogels in mixed organic solvents and aqueous salt
solutions. The framework rigorously established the partitioning relationships for the solvents
and salts in the coexisting phases. Built on this thermodynamic framework, Islam et al. [10]

investigated the swelling behavior of [PAAm hydrogels in aqueous organic solvents with



polymer Nonradom Two-Liquid (NRTL) activity coefficient model [16]. Having successfully
correlated both the swelling data and the solvent partitioning data, they found that the swelling is
governed by the solvent compositions in the bulk solution, and the gels collapse when the mixed

solvent from an ideal solution with the hydrogel polymer.

Following the framework of Maurer and Prausnitz [15], Hiither et al. [11] investigated
the swelling of IPAAm hydrogels in aqueous NaCl solutions. To estimate the activity
coefficients of the solvent and salts for IPAAm hydrogels immersed in aqueous salt solutions,
they extended the Pitzer activity coefficient model [17] by substituting species concentrations
with “relative surface fractions” and incorporating a free volume expression with the Pitzer
model to account for “additional differences in the size of the species” [2]. A modified Phantom
network theory proposed by James and Guth [18] was used to estimate the elastic energy of the
gel. While they reported satisfactory results in correlating the data on the degree of swelling and
the partitioning of NaCl in the coexisting phases, the Pitzer model formulation is exceedingly
cumbersome for engineering calculations. Specifically, to model swelling bahavior of IPAAm
hydrogels in aqueous NaCl solutions at 298 K, the extended Pitzer model requires 20 pure
component parameters, 12 binary interaction parameters, and 10 tertiary interaction parameters.
These interaction parameters arise from the ionic strength-dependent virial expansion of the

excess Gibbs free energy expression for the solution.

This work presents a new attempt to perform thermodynamic analysis on swelling and
salt partitioning of IPAAm hydrogels in aqueous NaCl solutions. Following the thermodynamic
framework of Maurer and Prausnitz [15], we substitute the extended Pitzer model of Hiither et al.
[11] with a modified electrolyte Nonradom Two-Liquid (eNRTL) activity coefficient model for

aqueous electrolyte solutions [19-22]. Specifically, we expand the eNRTL model by integrating
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the segment concept of polymer NRTL model [16] into eNRTL and we further account for the

configurational entropy of mixing polymers and solvents.

The paper is arranged as follows: Section 2 details the [IPAAm hydrogels examined in
this work; Section 3 presents the thermodynamic equilibrium conditions for swelling equilibria;
Section 4 summarizes the parameter estimation methodologies; Section 5 discusses the model

results and then followed by concluding remarks.

2. IPAAm Hydrogels

This work investigates the swelling of IPAAm hydrogels in aqueous NaCl solutions with
data from Hiither et al. [11]. Details of the synthesis procedure have been reported by Hiither et
al. [2] and Hiither et al. [11]. The following terms are used to describe the hydrogel swelling

behavior.

Mass of swollen hydrogel, mg,,, is the sum of the mass of [IPAAm monomer, M,y the

mass of crosslinker, m., and the mass of solvent, my,;, in the swollen hydrogel.

Mgep = Mppon + M + Mgy, (D

Mass fraction of the polymerizable substance in the swollen hydrogel, wg,, is the ratio of

the sum of the monomer mass and the crosslinker mass to the swollen gel mass, mg,;.
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The crosslinker mole fraction, x,, is the ratio of the moles of crosslinker, n., to the sum

of the moles of monomer, n,,,,, and the moles of crosslinker.
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Degree of swelling, g, is the ratio of the swollen gel mass to the dry (i.e., solvent free) gel

dary
mass, mgel .
m
_ Mgel
q= dry» (4)

gel

The IPAAm hydrogel polymer chains form a tetra-functional network. For such
crosslinked polymer network, we treat the polymer segments between two crosslink points as
one polymer chain, i.e.

Nchain = 2N, Q)
where 1 pqin denotes the moles of polymer chains in hydrogel. The number of polymer segments

between two crosslink points, 7, can be defined as

1-x¢

(6)

2x¢
and the molar volume of the polymer chain, v.p4n, is defined as as the product of r and the

molar volume of the polymer segment, v.

Uchain = T'Us, @)

In the study by Hiither et al. [11], wge; was fixed at 0.08 and 0.1, and x, was fixed at
0.01, 0.015, and 0.02, respectively. For all the hydrogels, the initiator concentration in the
polymerization reaction was fixed at the range of (1.81-1.84) x 10* gram/gram of polymerizable
solution. The study reported data for the degree of swelling and the salt concentration in the
coexisting phases. Following the naming convention established in our prior study on modeling
swelling of IPAAm hydrogels in aqueous organic solvents [10], we name the four hydrogels
examined in this study as G1 to G4, and their corresponding hydrogel properties, wg; and x,

are given in Table 1. All the hydrogels show a high degree of swelling at low salt concentrations,



i.e., NaCl mass fraction of ~10* in the bulk liquid phase, and collapse at high salt concentrations,

i.e., NaCl mass fraction of ~107 in the bulk liquid phase.

3. Equilibrium conditions for hydrogel swelling in Aqueous Sodium Chloride Solutions

When IPAAm hydrogels are immersed in aqueous NaCl solutions, both water molecules
and salt species permeate inside the gel phase until equilibrium is achieved. As described by
Maurer and Prausnitz [15], at a given temperature and pressure, energy of the system, which
includes the Gibbs free energy of the coexisting phases (G? for the surrounding bulk liquid phase
and G9¢ for the gel phase) and the Helmholtz free energy of the elastic polymer membrane, A™,
should reach a minimum at thermodynamic equilibrium:

GP(T,p,n?) + GI¢(T, p,n9¢) + A™(T,V9¢) - minimum (8)
where superscript b denotes bulk liquid phase; superscript gel denotes gel phase; T is the system
temperature; p is the pressure of the bulk phase; n is the number of moles; V9¢ is the volume of

the gel phase at equilibrium. In the present work, T is 298.15 K and p is fixed at 1 bar.

From Eq. 8, Maurer and Prausnitz [15] derived the following phase equilibrium

condition.

UL aygel

RT ’

gel( aA™ )
Inal(T,p,nk) =na?®(T,p,nd") + ©)
where a is the activity; i is the species index for solvents and salts; n is the number of moles; k

denotes all other species; v is the molar volume; R is the universal gas constant. In Eq. 9, the

derivative term ariseing from the Helmholtz energy of the gel network is expressed as

(% )T = S hatn (%)2/3’ (10)




with Vj is the volume of the hydrogel at stress-free condition (i.e. at preparation), and C is the
adjustable hydrogel network parameter. Details of the Helmholtz energy expression are available

in the literature [2, 10].

Activity of salt NaCl can be expressed as Eq. 11.

Angct = (ang+)(acr-), (1T)

As mentioned earlier, a modified version of the eNRTL activity coefficient model is used
to model the hydrogel system. Briefly, the modified eNRTL model presents the excess Gibbs
free energy of the aqueous hydrogel electrolyte solution, g®*, as the sum of three contributions:
(1) g®%!€ for the short-range van der Waals interaction contribution, (2) g¢*PH for the long-
range ion-ion interaction contribution, and (3) g®*°™> for the contribution from combinatorial
entropy of mixing of species in the system.

g% = gex,lc(x' aij'Tij) + gex,PDH (x) + gex,comb (x,9), (12)
here x denotes the mole fractions of species in solution; @;; and 7;; denote the nonrandomness
factor and the asymmetric binary interaction parameters for each interacting pair of species i and
J, respectively; ¢ denotes volume fractions of the species. Details of the model are given in
Supporting Information. With a;; typically fixed at value of 0.2 to 0.3 [19], there are two

adjustable binary interaction prameters, 7;;, per interacting pair of species i — j.

We calculate activity coefficient of component i, y;, from g®*.

my;==(2%) (13)

RT ani T-P-njii
The activity coefficient of the IPAAm segment, ¥;p44m. 1S calculated from the activity

coefficient of the IPPAm polymer chain, ¥po1ymer-
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Inyipaam =——""7- (14)
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Note that water and polymer IPAAm are treated as solvent species. The reference states
for solvents are pure liquid state while the reference state for electrolytes is the infinite dilution
state in aqueous solution. We use a correction term, commonly known as “Born term” [21], to
change the reference state for electrolytes from the infinite dilution state in mixed solvent to that
in aqueous solution in the calculation of the long-range ion-ion interaction contribution to the
activity coefficient of ions. Details of the “Born term” correction are discussed in the
Supporting Information. Walker et al. [23] reported dielectric constant of an IPAAm hydrogel
(Wger = 0.1, x, = 0.15) as 72, from which we calculated dielectric constant of IPAAm polymer
as 53. We retrieved the molar volume of species from Hiither et al. [11], which set 18.06
cm’/mol for water, Na*, and CI-, whereas, for IPAAm segment, the value is 101.38 cm?/mol. The

molar volume of NaCl is calculated as the sum of the corresponding values of Na* and CI".

4. Parameter estimation

Data on degree of swelling and NaCl concentrations in the coexisting phases for the
hydrogels, G1 to G4, are available from Hiither et al. [11]. To model the hydrogel systems, we
require the hydrogel network parameter C for each hydrogel and two binary interaction
parameters per pair of the polymer-water-salt ternary mixture. For the gels G1, G2, and G3, we
retrieved the network parameter C from Islam et al. [10]. We retrieved the binary interaction
parameters for the H,O:(Na* CI') pair from Yan and Chen [24] and the binary interaction
parameters for the [IPAAm segment:H2O pair from Islam et al. [10]. The binary interaction

parameters for the IPAAm segment:(Na* CI") pair for the hydrogels and the network parameter C



for G4 are identified in this work. The network parameter C for the hydrogels are given in Table

1 while the binary interaction parameters for the pairs are reported in Table 2.

The objective function, F, to be minimized in the regression is formulated similar to as

that in ASPEN Properties® (version 10) [25] and can be written as

_ 2
F = 3K Wi Bhy ity (P2 ) (15)

Olm

where K is the total number of data groups; k is the data group index; W, is the relative weight
of data group k which is set to unity; L is the total number of data points in a data group; [ is the
data index, M is the total number of measured variables; m is the measured variable index; E is

the calculated quantity; EM is the experimental value; o is the standard deviation.

We calculate moles of water and salts in the gel phase for a given degree of swelling data and
NaCl concentration in the coexisting phases. Therefore, the measurable variables are the moles

of water, n,, ¢, and the moles of salt NaCl, nyqc; ger» in the gel phase.

Standard deviation of n,, 5 and nygc et and gy, ., ger 1N Eq. 15 are estimated from

an,gel

standard deviation of g and Wygcy, ger» 04 and oy, CLgel’ by the error propagation correlation

[26] as follows

Wopot 2 2
Oy got = - p;/la‘:/mer \/{(q — 1)O—WNaCl,gel} + {(1 — WNaCl,gel)O'q} , (16)
and,

_ Wpolymer 2 2
O—nNaCl,gel - Mpact \/{(q - 1)GWNaCl,gel} + (WNaCl,gelO-q ) 4 (17)
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where Wy ¢ ger denotes the mass fraction of NaCl in the gel phase on a polymer free basis;
Whpotymer 1 the mass of the polymer chain between two crosslink points; My, and My, are the

molecular weight of water and NaCl, respectively;.

As suggested by Hiither et al. [2], C parameter can be estimated using swelling data
available at pure solvents. As swelling data is not available for G4 at pure solvents, we regress
swelling data available at low salt concentrations, i.e., at the NaCl mass fraction of 6.6 x 10 in

the bulk liquid, to identify C parameter for G4 as listed in Table 1.

We correlate data available for gel G2 to identify parameters for the [IPAAm
segment:(Na* CI) pair. As the gels G1 to G4 differ slightly in their characterization properties,
we assume that G1, G3, and G4 can be expressed with the same binary interaction parameters for
the IPAAm segment:(Na* CI') pair as those identified for G2. We excluded the data points from
the regression the experimental data points where NaCl concentration in the gel phase were not
reported. We could not identify one of the binary parameters in the IPAAm segment:(Na* CI")

pair very well; hence set the value to zero as reported in Table 2.

5. Model results and discussions

Figure 1(a) to Figure 1(d) show the model results for the degree of swelling and salt
partitioning for G1 to G4, respectively. Note that Figure 1(a), (c) and (d) are the model
predictions based on the interaction parameters identified from the data for G2 while Figure 1(b)
shows the correlation results for G2. The model results are in semi-quantitative agreement with
the experimental data. Figure 1 shows, from G1 to G3, the degree of swelling g decreases with

increasing crosslinking density x.. For a given hydrogel, g stays relatively constant against the

11



NaCl mass fraction in the bulk phase, Wyq4c; puik, up to ~0.01. Within the range of 0.01 — 0.03 of
Wyaci buik» deswelling occurs and a sharp drop in q is observed for all the hydrogels. At higher
NaCl concentrations, i.€., at Wyqcr puix > 0.03, the hydrogels are in totally collapsed state.
Figure 1 also shows that, at Wy ¢ puir < 0.03, the NaCl concentrations in the coexisting phases
are the same. At Wygc puir~ 0.03, the NaCl concentration in the gel phase reach their maxima.
At Wygcrpuik > 0.03 up to salt saturation, the NaCl concentration in the gel phase decreases.

Note that the NaCl concentration in the gel phase is reported as a mass fraction on a polymer-

free basis.

The drop in the NaCl concentration is the gel phase at Wygc; puix > 0.03 can be explained
with the NaCl activity coefficients in the gel phase. Figure 2 shows the mole fraction scale mean
ionic activity coefficients of NaCl in the bulk solution and the gel phase for hydrogel G2. At
Wyactpuik < 0.03, the NaCl activity coefficients in the bulk solution and the gel phase are almost
the same and remain relatively unchanged. At Wyqc puix > 0.03, the hydrogel deswells, the
NaCl activity coefficient in the gel phase increases sharply to the order of hundreds due to the
strong repulsive interaction between the NaCl and the increased IPAAm polymer content in the
gel phase, and Wy ¢y ger drops sharply in comparison to Wygcq puik- The repulsive interactions

between organic components and electroyltes in aqueous solutions have been reported by Chen

and Song [27].

Figure 2 further shows the water activity coefficients, mole fractions, and activities in the
bulk solution and the gel phase together with the IPAAm segment activity coefficient in the gel
phase as functions of the NaCl concentration in the bulk phase for hydrogel G2. At Wyqcp puix <

0.03, the hydrogels are swollen, the water activity coefficients in both the bulk phase and the gel

12



phase are around unity and remain relatively unchanged. With increasing NaCl concentration in
the bulk phase, the water activity coefficient in the bulk phase shown in Figure 2(a) drops below
unity and it weakens the water activity shown in Figure 2(b), the driving force for hydrogel
swelling. Figure 1(b) shows that the hydrogel eventually deswells and collapses at Wyqc; puix >
0.03. Note that the water activity coefficient in the deswelled gel phase is lower than that of
water in the bulk solution, together with the less than unity activity coefficient of IPAAm
segment in the gel phase, are the results of the strong attractive interactions between water and

hydrophilic IPAAm segment in the gel phase.

Figure 3 shows the natural logarithm of mole fraction scale mean ionic activity
coefficient contributions of salt NaCl in the gel phase for hydrogel G2. It is evident that the
dominant contribution to the activity coefficient of NaCl is the local interaction term which

exhibits strong replusive interactions between NaCl and IPAAM in the gel phase.

Figure 4 presents sensitivity of the binary interaction parameters of the [IPAAm segment:
(Na* CI') pair, upon degree of swelling and partitioning of NaCl salt for hydrogel G2 at 298.15
K. There are two binary interaction parameters for the IPAAm segment:(Na* CI) pair, i.e.,
Tipaam:Na* c1-) A0d T(ya+ ¢1-).ipaam- Our investigation indicates that the model results for both
the degree of swelling and the NaCl conentrations in the gel phase are insensitive to the change

in the parameter 7(y+ ¢;-).paam- Given the few data points at high NaCl concentrations in the

bulk phase, the T(yq+ ¢;~).;paam Parameter cannot be identified and it is set to the value of 0.
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Conclusions

A modified electrolyte NRTL activity coefficient model has been successfully used in
thermodynamic analysis on swelling of [IPAAm hydrogels immersed in aqueous NaCl solutions
at 298 K. The model satisfactorily represents both the swelling data and the salt partitioning data
of IPAAm hydrogels in aqueous NaCl solutions for concentrations up to salt saturation. While it
is well known that hydrogel swelling is determined by minimization of system Gibbs energy, our
investigation reveals that the swelling and deswelling of IPAAm hydrogels in aqueous NaCl is
determined by the water activity in the aqueous solution, the result of the attractive interactions
between water and NaCl. IPPAm hydrogels are fully swollen in water and dilute aqueous NaCl
solutions. However, in concentrated NaCl solutions, the driving force for swelling weakens as
the water activity coefficient in the bulk solution drops due to the ion hydration between NaCl
and water. On the other hand, NaCl is pushed out of IPAAm hydrogels due to the strong

repulsive interactions between NaCl and IPAAm.
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List of Figures

Figure 1: Degree of swelling g of IPAAm hydrogels and mass fraction of salt NaCl in the gel
phase (polymer-free basis) with change in NaCl mass fraction in the bulk solution for various
hydrogels at 298.15 K: blue lines are model results for the degree of swelling and red lines are
for the mass fraction of NaCl in the gel phase; blue circles are experimental data [11] the degree
of swelling red triangles are for the mass fraction of NaCl in the gel phase. a) G1, b) G2, c¢) G3,

and d) G4.

Figure 2: (a) Model prediction for activity coefficients (mole fraction based) with change in
NaCl mass fraction in the bulk solution for G2 at 298.15 K: (left y-axis) activity coefficient of
H>O in the bulk solution (== +) and the gel phase (==); (right y-axis) mean ionic activity
coefficient of NaCl in the bulk solution (= +) and the gel phase (==), and activity coefficient of
IPAAm segment in the gel phase (==).

(b) Model results for mole fractions and activities of H>O with change in NaCl mass fraction in
the bulk solution for G2 at 298.15 K: mole fraction of H>O in the bulk solution (=) and the gel

phase (==); activity of H>O in the bulk solution (== +) and the gel phase (==).

Figure 3: (left y-axis) Model prediction for the natural logarithm scale mean ionic activity
coefficient (mole fraction based) of the salt NaCl, y}, in the gel phase with change in NaCl mass
fraction in the bulk solution for G2 at 298.15 K: (==) for activity coefficient, (= ) for
contribution from local interactions, (=« =) for contribution from long-range PDH interactions,
(= = =) for contribution from the combinatorial term, and (= = =) for Born term correction;
(right y-axis) (==) for dielectric constant of of the gel phase, £;4,;, with change in NaCl mass

fraction in bulk at 298.15 K.
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Figure 4: Sensitivity of the binary parameters of the [IPAAm segment:(Na* CI°) pair,

T(Na* c1-):apaam- Upon degree of swelling g and NaCl concentration in the gel phase (polymer-
free basis), Wyqcy ger» With change in NaCl mass fraction in the bulk solution, Wy g¢ puix for G2
at 298.15 K: Dash lines for T(;pgam: nat c1-) = (9-814, 4); solid lines for T(;ppam: na* c17) =
(9.814, 0); dotted lines for T(;paam. nat c1~) = (9-814, -4); symbols for experimental data [11];

blue for degree of swelling and red for NaCl concentration in the gel phase.

20



[26 ayj Ul |DEN 0 Uonoel) sSe

10"
Mass fraction of NaCl in the bulk

L 1
o wn o

~—

1 1 1 1 1
n o 0 o n
™ ™ o N -

b ‘Buljjams jo saibag

186 8y U1 |DBN Jo uonoel) ssep

10 10"
Mass fraction of NaCl in the bulk

107

10*

MR SEPS U TR
Te} (] wn o wn (= o
o™ ™~ - B

35

=
@
b

‘Buijjems jo aalbaqg

Figure 1

|96 ayj ul |DeN Jo uonoel) sSSep

T

—_
r O
~—

1
n
(se}

196 ay3 ul |OeN jo u

=
@
b

410

PRI | TR TR ST
1o} o w o {e] o
™~ N — —

‘Burjjams jo saibag

? b
o o
-

L}

onoel} SSej

=)
—
T

T T T LB R AL | T T T

—_
&

i

+

1 i i

35F

1
o
@
b

L
Te}
o~

‘Buijjems jo saibag

1
o
™~ = ~—

L
n o n

102 10"

107
Mass fraction of NaCl in the bulk

10

"
o
et

107 10° io

Mass fraction of NaCl in the bulk

10*

21



WV d] J0 JusIoe0d AJAiDY
|DEN JO JuaIo1}Je09 AJIAIIOE DIUOI UBS

G2

Mass fraction of NaCl in the bulk

F |12

N o © © < N = o o0 P
~ ~ o o o o -~ o o o

06}

O%H J0 Wa101202 AJIAIOY O°H j0 Aynioy
O°H 10 uoloely a|o\

Figure 2

0.5 b

104 103 1074 10

10

Mass fraction of NaCl in the bulk

22



Figure 3
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Figure 4
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Table 1: Hydrogel properties

Gel [ wy [111]  x [11] r[11] C [10]
Gl 0.08 0.010 50 1.02
G2 0.08 0.015 33 1.20
G3 0.08 0.020 25 1.42
G4 0.10 0.015 33 1.40"

* Identified in this work

Table 2: eNRTL binary interaction parameters, T; j»at298.15K

Species, i Species, j Tjj Tj; a;j Source
H->O (Na* CI") 8.866 -4.541 0.2 Yan and Chen [24]
H>O [PAAm -1.977 0.195 0.3 Islam et al. [10]
segment
IPAAm (Na* CI") 9.814 0 0.2 This work
segment
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