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Abstract

By this article, we continue studying weak polyelectrolyte hydrogels and their application as a desalination agent. We modeled
the desalination process as a four-step reversible thermodynamic cycle transferring ions from a low salinity solution to a high
salinity one. The cycle implies reversibility at any stage, therefore the method can achieve the maximum thermodynamic e ciency,
comparable to the reverse osmosis. As a driving force for ions movement, we use the fact that compression of the gel leads to a
decrease in the gel ionization degree, and therefore to a release of ions entrapped in the gel. We considered the gel composed
of the ionogenic units modi ed by hydrophobic pendants and showed that this modi cation may signi cantly increase the number
of transferred ions. This increase is caused by a rst-order phase transition originated from an interplay between repulsive
electrostatic and attractive steric interactions. The transition happens during hydrogel compression; at certain pressure; the gel
collapses abruptly changing its volume almost to that of a dry state and releasing almost all ions collected inside. Employing the
phase transition allowed us to model the desalination cycle which transfers a much larger number of ions and works at rather
low pressures <10bar.

Keywords: desalination, polyelectrolytes, hydrogels, hydrophobic gel, phase separation, mean- eld theory

1. Introduction separated by an osmotic membrane, creates a di erence of salt
ions osmotic pressure and initiates a water ow in the direction
Desalination. The lack of freshwater forces developing from the feed solution to the draw solution.
effective methods for seawater desalination. Nowadays, the The following task of the method is to separate the draw
biggest part of desalinated water is produced by so called  agents from the draw solution gaining the desalinated water.
membrane desalination methods, such as reverse osmosis To do it, di erent and speci c properties of draw agents are
(RO), forward osmosis (FO), and electrodialysis [1]. Their share  used [3, 4]. For example, the whole class of draw agents is
in the world production of desalinated water is continuously represented by thermally removable salts [4] (e. g.ammonium
growing, which is caused by the high development potential of carbonate), which decompose by means of heating.
these technologies. The main directions of the membrane Various smart alternatives to the salt draw agents, such as
desalination methods are the development of membrane  fynctionalized magnetic nanoparticles, thermoresponsive
production technologies, the lowering the energy costand the  polyelectrolyte solutions and stimuli-responsive hydrogels are
suppression of membrane fouling processes [2]. continuously showing up in literature [5]. All these smart

agents are supposed to improve the method in a sense of
Forward osmosis. Forward osmosis (FO) is one of the most  racyclation, cost- and energy-e ciency.

promising emerging desalination technology. The idea of the
method lies down in choosing a chemical agent (draw agent)
that has a better thermodynamic a nity to water molecules
than ions dissolved in salty water. The addition of such an

Smart hydrogels. Our current study is dedicated to
polyelectrolyte hydrogels. The interest in this topic is justi ed
by the fact that the gel swells in water and retain a significant
agent to one of the two aqueous solutions, amount of water inside, whereas the hydrogel particles by
themselves do not dissolve in water. At the same time, they
exhibit reversible swelling-deswelling changes induced by di
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gel can be: 1. pH and salinity; for instance, polymethacrylic acid

hydrogel undergoes the pH-triggered transition from collapsed



to swollen state. The pH value at which the transition is
happening can be shifted by decreasing the solution salinity [6].
2. Solvent  composition;  polyacrylamide hydrogel
undergoes sharp volume phase transition initiated by change of
acetone fraction in solution [7, 8].

3. Temperature; the  hydrogels consisting  N-
isopropylacrylamide (NIPAM) at its lower critical solution
temperature (LCST) change from hydrophilic to hydrophobic
due to the increase in temperature [9, 10, 11]. The same change
can be initiated by decrease of temperature upon UCST
transition in poly(acrylamide-acrylic acid) hydrogel [12].
Additionally, there are numerous studies related to the phase
transition in gels induced by light radiation [13, 14, 15], electric
eld [16, 17, 18], and magnetic eld [19].

Polyelectrolyte hydrogels for desalination. Recently an
alternative way of using polyelectrolyte hydrogels for
desalination was proposed [20, 21]. The authors of cited studies
used the feature of such gels to act simultaneously as draw
agents, accumulating water inside, and as osmotic membranes,
rejecting salt ions due to the polyelectrolyte properties.

Wilhelm et al. demonstrated how a two-step procedure of
swelling and compression of poly(acrylic acid) (PAA) hydrogel
can be used for desalinating water[20]. The procedure is the
following; initially, the dry gel is immersed in brine. The gel
swells reaching the thermodynamic equilibrium between the gel
and supernatant phases. At the same time, the ionized
monomers of the gel reject the dissolved ions from entering the
gel. After swelling the gel is separated from the supernatant and
the water, accumulated in the gel particles, is squeezed out
using a micro Iter supported by a sieve. The extracted solution
has a lower salt concentration. The procedure can be repeated
afterward by means of the reuse of the hydrogel in subsequent
cycles.

As the proof of concept, the hydrogel was compressed up to
80 bar [22]. Although Wilhelm et al. had shown that the same
gel can be reused for further cycles, there are several studies
proving that the polyacrylic acid hydrogel gets irreversible
visible fractures at pressures already below one atmosphere,
depending on the solution ionic strength (see, for example, [23,
24]). Therefore, even if the application of high pressure does not
break the gel completely, it may su ciently limit the number of
possible desalination cycles.

Four-step desalination cycle. In our previous work [25] we
modeled a four-step fully reversible desalination cycle based on
swelling and compression of weak (pH-sensitive) hydrophilic
polyelectrolyte gel, similar to PAA. We predicted better e ciency
of the four-step cycle compared to that used in [22]. The cycle
was free from any thermodynamically irreversible processes like
ions or heat dissipation, which guarantees the maximum
thermodynamic e ciency. Such e ciency allows the method to
compete with the RO desalination in terms of energetic costs.
Nevertheless, our model predicted that, pressure needed to

gain a su cient outcome is of the same order of magnitude as
used in [22], about tens of atmospheres, which is also close to
that used in RO. This imposes an increased demand on the
mechanical parts of the device, therefore the advantage over
RO is diminished.

Motivation. The idea motivated the current study is the
following: if the ionogenic monomer units of the gel are modi
ed by hydrophobic pendants, the interplay between repulsive
electrostatic and hydrophobic interactions will help to decrease
the required pressure. The hydrogels made of polymethacrylic
acid or polyvinyl amine, as well as already mentioned
copolymers containing NIPAM monomers, are good examples
of such hydrogels. While their monomer units are charged they
exhibit a good a nity to water, whereas being uncharged they
are hydrophobic. Thus, in charged state the hydrogel is swollen,
and any stimulus a ecting the ionization degree, for example,
compression, may change dramatically the a nity of the whole
hydrogel to solvent and induce the dramatic volume decrease,
i. e. collapse. In this study, we predicted the phase transition in
such hydrogels and demonstrate how it can be used to improve
the water desalination cycle proposed in our previous work [25].

2. Analytical model

Macroscopic hydrogel model. We consider a hydrogel
particle in aqueous solution. The particle supposed to be
small enough to have su ciently high surface to volume ratio
for better exchanging matter with environment, and, at the
same time, su ciently big to be separated from solution and
compressed by a micro ltration membrane (or by a sieve).
Thus the size of the particles should be macroscopic, i. e.
ranging from microns to millimeters. The assumption of
macroscopic size of the gel allows us to construct the model,
which disregards the boundary effects due to the electric
double layer which size typically ranges from 1 to 100 nm
depending on ionic strength of the solution [26].

Thus, we consider the gel as a regular in nite network of
polyacid chains, of length N, connected by tetrafunctional
cross-links  (emulating diamond-like network). Each
monomer unit of the hydrogel represents weak acid, which
can be ionized according to the following reaction

K _ +
PAH = PA~ +H (1)

where PAH and PA- refer to non-ionized and ionized acidic
monomers, respectively. K is the ionization constant.

The gel particle is equilibrated with a bath of aqueous
solution of pH = 7, containing monovalent salt ions
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Figure 1: Schematic illustration of the model: polyacid gel is immersed in
aqueous solution of monovalent salt and compressed by the pressure P applied
to a sieve.

(e.g., NaCl) of concentration cna+, and cci-, which approximately
equal to the ionic strength of the solution c¢s = cNa+= ccl-.

We assume the uniform extension of the hydrogel chains,
which allows relating the end-to-end distance of a single gel
strand, R, to an average density of monomer units, cp.

The volume per one gel chain is therefore

N R3
Veel= — =", (2)
Cp A

A
where A = 3 3/4 is the coe cient characteristic to the diamond
network topology [27].

Mean eld theory. Our modeling is based on classical lattice
Flory theory of polymers [28]. This approach was employed
already many times for studying polyelectrolytes in aqueous
solutions [29, 30] and particularly for weak polyelectrolyte
hydrogels [31, 32, 33, 25].

Following this approach we write down the free energy of
a single chain of the gel as a sum of three independent
contributions:

F = Fconf + Fint + Fion (3)

which all appear to be density functionals of system
components.

The rst term in Equation 3 is the conformational free energy

of the gel, which models nite extensibility of the network

strands
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where b is the linear dimension of a monomer unit, which we
set to be the same as of a water molecule, b ' 0.31nm.

The second term is the contribution of non-electrostatic
(steric) interactions [28]

En N 2
— = [(1—ep)In(1—¢p) — xc*l2 »(5) ksT cp

where y is the Flory-Huggins parameter, which re ects the a
nity of polymer to water molecules (i. e., solubility).

In the current study, we consider two cases of hydrogel
composed of hydrophilic and hydrophobic units, i. e. y = 0
and y = 2 correspondingly. The last case models nearly a
hydrogel made of polymethacrylic acid (see Table A.1 in the
appendix with calculated y values for di erent polymers).

The third term in Equation 3 accounts for ionic
contributions. It accounts for the translational entropy of
mobile ions and for their partial pressure inside and outside
the

gel
"W E
2csN I acp
= Al-+ 1 .
T cp M ' 2c, @ Fion
+NlIn(1-a) (6)
kB

where ionization degree, a, is calculated based on local

ionization equilibrium and the local -electroneutrality
condition
acp: acCp a
pk-piuu 1- «a f 2Cs 2¢s
&= 10 = 1+ (7)

&is the Donnan partition coe cient. The derivation of the
last two equations can be found in [30, 25].

Equation of state. By substituting Equations 4, 5, 6 to
Equation 3, we obtain the equation for the hydrogel free
energy as function of gel density and outside salinity, F = F(cp,
cs). A derivative of this function ith respect to volume gives
the hydrogel partial pressure, p, i. e. the pressure which
needs to be applied to the gel via sieve in order to make its
density to be equal to ¢p

OF (cp(Vigal), CH))

plcy, cs) = —( Vel (8)

The expanded view of this equation is shown in Appendix
Equation B.1.

Open and closed system. The Equation 8 is the equation of
state which relates p, cpand csin the situation when the gel



is in equilibrium with a very big (in nite) bath of ionic
strength, cs; the so-called open system. If the volume of the
bath is nite, i. e. in a closed system, the compression of the
gel changes the surrounding solution ionic strength. Indeed,
the ratio of ion concentrations inside (in ) and outside the gel
follows the Donnan partitioning law, i. e.

CNat/CNat = CO1-/Car- =&, Roughly speaking, when the
strong polyelectrolyte gel is compressed it releases water,
whereas the neutralizing counterions remain in gel, which
implies that the outside solution gets diluted by extracted from
gel water (see Figure 1). Thus the compression of strong
polyelectrolyte hydrogel leads to a decrease in the surrounding
ionic strength, whereas compression of weak polyelectrolyte
hydrogels may increase it due to deionization of polyelectrolyte
and associated with it release of counterions [25].

In order to relate p, cpand csin closed system the Equation
8 must be solved together with the restriction of constant
number of ions in the cell Neonst = ¥+ + V3.
Thus, for closed system the equation of state of the gel is modi

ed, such that

(E)F(cp(VgUl), ffs))
pecd=-\ S )

const

given that Nconst consists of positive ions in the volume Vout (see
Figure 1), of positive ions compensating the gel charge in gel and
of positive ions compensating the negatively charged mobile
ions inside the gel:

Nconst = csVout +aN +Vgelf€s = csVout +Vgelef—1 (10)

Constant pH. According to the reaction Equation 1 the hydrogel
deionization implies the consumption of H* ions from the
solution (or OH- ions in case of plybasic gel). Therefore the
compression of sole polyacidic hydrogel lead to consumption of
H* ions from the solution and to release of Na*ions, i. e. to
exchange of H* ion by Na* ion. In other words the hydrogel
compression releases the Na+*and OH-ion pair to solution. The
same is applicable to polybasic hydrogel, which would release
H* and Cl-ion pairs under compression. If both, polybasic and
polyacidic hydrogels, are equilibrated with the same solution
during compression, and they produce equal amount of H* and
OH-ions, then the pH of the solution remains constant all the
time, whereas the salinity increases. Hereinafter we will
suppose that the polyacidic gel is compressed (or swells)
simultaneously with its mirror image polybasic gel, such that
they two produce equal amount of H* and OH- ions and pH
remains neutral.

3. Phase transition in the gel

Maxwell construction. The pressure volume dependencies
calculated by the Equation 8 for hydrophobic gel appear to be
in general non-monotonic, such that they resemble a van der
Waals loop well known for real gases. The presence of the loop
indicates the rst-order phase transition caused by an interplay
between the repulsive electrostatic and attractive steric
interactions in the gel. This phase transition shows up in a step-
wise change of the gel volume at certain pressure, pw, which is
calculated by means of Maxwell construction [35] (see the inset
to the Figure 2).
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Figure 2: The phase diagram of the polyelectolyte gel solution with N = 100,
pK = 6 and ¢s= 0.1 mol/L. The two-phase states area is shown by grey color.
The red asterisk corresponds to the critical point. The inset illustrates the
Maxwell construction used for calculation of the transition pressure, pu, for
particular gel with y =1.2.

Phase transition. Figure 2 represents a set of pressure volume
curves calculated for a hydrogel with N = 100, pK = 6 and
with di erent values of , in the bath of salinity ¢s= 0.1 mol/L.
The presented dependencies can be separated to two types:
(1) the smoothly increasing with compression, matching the
cases when y < 0.93; and (2) those which have the plateau in
the values of pressure, indicating the rst-order phase
transition happening during compression.

These curves consist of three regions. The slowly
decreasing dependency from the right-hand side
corresponds to a state when the gel is in single swollen phase;
the gel reacts to compression by a smooth increase of its
partial pressure. The region where pressure is constant,
corresponds to a coexistence of two phases: the phase of
swollen gel, which contains a lot of water inside and the
phase of collapsed gel, which contains almost no water. At
this stage, the compression increases the fraction of the
collapsed phase. When the fraction of the swollen phase is
depleted, the pressure starts increasing again, and, at this
time, the increase is much sharper, which re ects the
compression of solid-state gel.

The particular value of pressure, at which the transition is
happening, pt, is di erent for di erent pK, x, and cs.



Phase diagrams. Figure 3a represents the phase diagram of
hydrogel states in pK y coordinates for a chosen salinity ¢s=
0.01 mol/L. The white area on the diagram matches the
region, where the gel is in a single swollen state at any
compression. The colored regions indicate the presence of
phase separation. Black color matches the area where the
transition pressure, pt, is more than 50 bar, green color
where puis between 10 and 50 bar, and red color between 0
and 10 bar. The blue region corresponds to states when the
transition pressure is smaller

pK
s

single phase

1
0.5 1 1.5 2 25 3
Solvent quality, y

(a) ¢s = 0.01 mol/L

0.1

0.01

Salt concentration, ¢, [mol/L]

0.5 1 1.5 2 2.5 3
Solvent quality, y

(b) pK =6

Figure 3: Phase diagrams in (a) pK solvent quality y and (b) salinity cs solvent
quality y coordinates illustrating the region of two-phase gel. The applied
pressure is represented by the color. The black area correspond to pu«> 50 bar,
green to 10 < py <50 bar, red to 0< pr<10 bar and blue to pu-< 0 bar.

than zero, i. e. at any positive pressure, the whole gel is present
in a single collapsed state; and in order to induce the transition
to a swollen state, the gel needs to be stretched.

In the case of y = 2, only the gel made of very strong
polyelectrolyte, pK < 1.5, does not experience phase transition
at any pressure. The transitionAs the polyelectrolyte gets
weaker (pK increases) the phase transition shows up. First, at
rather high transition pressure, p«> 50 bar, which gets smaller
with further increase of pK. In the case of pK = 6, which we
consider further, it equals pw' 0.1 bar.

Figure 3b is the phase diagram in cs y coordinates for the gel
with pK = 6. It shows that the transition pressure also depends
on the surrounding salinity. As we mentioned already, the gel
with y = 2 equilibrated with solution of salinity ¢s= 0.01 mol/L
experience the phase transition at pw« ' 0.1 bar, whereas in
solution of twice bigger salinity ¢cs = 0.02 mol/L the transition
pressure is 0.72 bar. Note that the transition pressure changes
non monotonically with salinity, which is seen by the bending of
constant pressure contour lines on the diagram. In order to
better disclose this non-monotonicity of pwon cs, we plot a few
dependencies of transition pressure on salinity for a set of y
values (see Figure C.8 in Appendix).

In the following section, we will show how the
polyelectrolyte gel can be used for transferring ions from low
salinity solution to a high salinity one, and how the phase
transition happening in hydrophobic gels helps to increase
the rate of ion transfer.

4. Desalination cycle

We model the desalination procedure using analogy with
the Carnot cycle of reversed heat machine. Such a machine
transfers heat from a heat reservoir with low temperature to
a reservoir with high temperature. In the desalination cycle
ions are transferred from a low salinity solution to a high
salinity solution. We compose the cycle from four stages
illustrated in Figure 4:

1. the hydrogel is compressed in a closed cell, being in
equilibrium with a small amount of solution.

At this stage, the outer salinity changes from ¢c(1)s  to
?,

2. Then the compression continues in open system, such
that the cell freely exchanges ions with a bath of
salinity ¢c(@s. The bath is assumed to be big enough,
such that its salinity does not change, although it
exchanges ions with the cell.

3. After compression to a certain volume, the pressure is
released allowing the gel to swell in a closed cell; at this
stage, the salinity of solution in the cell changes back

fromCS2) to Cil ).

4. Finally, the gel continue swelling in open system,

1
exchanging the ions with a bath of constant salinity Cg )
, and reaches the initial state.

We modeled all the four processes, using Equations 8 and 9

for two cases of hydrophilic (y = 0) and hydrophobic (y = 2)
gel.

4.1. Hydrophilic gel

Let us consider a particular desalination cycle, where
ions are transferred between two solutions with salinity

Y =0.01 mol/L and P =0.02 mol/L and a hydrophilic



weak polyelectrolyte gel is used, so that y =0 and pK = 6. This
cycle is depicted in various coordinates in plots on the left-
hand side of Figure 5.

Initially, the gel is equilibrated with the solution of low
salinity, cs= 0.01 mol/L and is lling up the volume of the cell

Veent = Vel = 15 | /mol. This state is marked by a black
circle.

At the rst step (blue curve), the cell is isolated from any
solution, and the gel is compressed in the cell. The salinity of
the outside solution changes from 0.01 to 0.02 mol/L. The
number of ions in the cell remains constant during this step
(Figure 5c).

1. compression in closed system 2. compression in open system

o o
Csé@ 5 T
- @® B ol
Na cell “ cell

4. swelling in open system 3. swelling in closed system

Figure 4: The scheme of the four-step desalination cycle.

Then the cell is put in contact with a big reservoir with
solution of the same salinity ¢s = 0.02 mol/L, and the gel is
compressed further (green curve) until applied pressure gets 20
bar. At this stage, the salinity is kept constant, but the number
of ions in the cell decreases, which means that they move from
the cell to the solution.

At the third step (magenta curve), the cell is isolated again,
and the gel swells in equilibrium with the small amount of
solution in the cell. The salinity of the outside solution changes
back to the initial one (from ¢s = 0.02 to 0.01 mol/L), whereas
the volume of the gel remains smaller than the initial one.

At the last stage (red curve), the cell is connected to a
reservoir with salinity ¢s= 0.01 mol/L and gel reaches the initial

. Vinit ~ 15 .

state with volume " gel L/mol. At this step, the number of
ions increases, which implies that the ions are getting absorbed
by the cell from the solution.

In the end, within one cycle about 0.2 ion pairs (calculated
per one gel monomer unit) were transferred from the solution
of salinity 0.01 mol/L to the solution of salinity 0.02 mol/L.

Since the cycle does not contain any irreversible steps, in
terms of energy cost its e ciency appears to be
thermodynamically ideal. As a result, the energy expended
within one cycle is equal to the number of transferred ion pairs

multiplied by a di erence of their chemical potentials in both
solutions,

W = ANNa-Auna: + ANc-Apa-=
@
= (ANgar + ANg ) RTIn = (1

Cs

Thus, the energy needed to transfer one mol of ion pairs
approximately equals to 0.26 kJ/mol. The same value can be
calculated from the pV cycle as an area enclosed by the four
curves.

While composing the cycle, we limited the possible applied
pressure by 20 bar, which imposed corresponding restrictions
on the possible compression range. It turned out in a limited
salinity di erence, and in a limited number of transferred ions.

4.2. Hydrophobic gel

Let us consider now a four-step cycle, which uses the
same polyelectrolyte gel with the only di erence that the
Flory-Haggins parameter value is set to y = 2. The cycle is
presented in plots on the right-hand side of Figure 5.

We start from the same initial state as it was for
hydrophilic gel. At the rst step, the cell is isolated from the
solution, and the gel is compressed to the same volume as it
was compressed in the previous cycle. Therefore, the change
of salinity is the same, so it rises from 0.01 to 0.02 mol/L.

At the second step, the compression continues in open
system, so the cell is equilibrated with the reservoir of salinity
¢s = 0.02 mol/L. At this step, the hydrogel undergoes phase
transition and pressure does not change during compression.
While the pressure remains the same, compression of the gel
makes the fraction of the collapsed phase bigger until the
whole gel gets collapsed. At this stage, the gel gets almost
completely discharged, therefore all the entrapped co- and
counterions leave the cell. Note, the value of pressure
remains small and equal to 0.72 bar, so that the state of fully
collapsed gel in this case is reached easily. The volume of the
gel decreases to ~ 0.02 L/mol, which is about 10 times
smaller than it was in the previous cycle. In the previous cycle
the volume of the compressed state was about 0.3 L/mol and
it required more than 20 times bigger pressure (20 bar).

Then the cell gets isolated and the applied pressure is
gradually weakened allowing the gel to swell. The swelling of
the gel a ects the outside solution, which changes back to the
value ¢s= 0.01 mol/L.

Finally, the cell is equilibrated with the rst reservoir. The
gel continue swelling, thus the fraction of the collapsed phase
decreases until the gel reaches its initial state, when the only
swollen phase presents. At this stage, the pressure again
remains constant and equal to the initial one, 0.1 bar.

At the end of the cycle, ANNa+= 0.35 of ion pairs (per gel
monomer) were transferred, compared to 0.2 for hydrophilic
gel. The reason for such di erence lies only in the limitation of



possible applied pressure. If one had compressed the
hydrophilic gel to the same density, the number of
transferred ions would have appeared to be the same. The
required applied pressure, in this case, would have reached
hundreds of bar.

The particular value ANna:can be di erent depending on
how to organize the cycle. Namely, from which salinity it
starts, and which salinity di erence it is supposed to reach.
For instance, the cycle working between 0.05 to 0.07 mol/L
salinities transfers approximately ANna- = 0.4 ion pairs,
whereas the cycle working between ¢s = 0.1 and 0.2 mol/L
transfers only 0.2 ion pairs (see the right column plots in
Figures D.9 and D.10 in Appendix). Note that
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in all cases the hydrophilic hydrogels are able to transfer much
smaller amounts of ions due to the applied pressure limitation,
p <20 bar (see the left columns of referenced Figures).

So, in contrast to the hydrophilic gel, we were able to
compress the hydrophobic gel almost to its dry state size,
making it almost completely discharged, and thus releasing all
the internal solution together with the gel counterions. While
the applied pressure was not higher than 0.72 bar.

Conclusions

We studied the use of hydrophobic weak polyelectrolyte
hydrogels for water desalination from the thermodynamic point
of view. Using the mean- eld model we demonstrated that the
compression of such a gel may initiate the phase transition
showing up in a step-wise change of the gel density. The change
of the gel density is happening at certain constant pressure, the
value of which is de ned by the solution salinity, and by the gel
features, such as pK and y. We found that the transition
pressure increases monotonously with a decrease of the
ionization constant and solvent quality, but it changes non-
monotonously with an increase of salinity. We modeled a four-
step desalination cycle, composed of the hydrogel compression
and swelling stages, and transferring ions from a reservoir of low
salinity solution to a reservoir of high salinity. We demonstrated
that the presence of phase transition in cycle allows to reach
much higher compression of the gel without rising pressure too
much, and to extract a much bigger amount of solution from the
gel. At the same the collapse of the gel is accompanied by its
almost complete discharge, allowing all the neutralizing ions to
escape from the gel.
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Appendix A. Flory-Huggins parameters.

The Flory-Huggins interaction parameter for particular polymer and solvent can be calculated by means of Hansen solubility
parameters [36]
v . 1 . 1 y
X R — ((D1 — DQ)Z + 1 (Pl e Pg)z + 1 (Hl e Hz)z)

RT (A1)

where v is molar volume of solvent molecule, in our case it is water, v = 18 mL/mol. D;, Piand H;are corresponding impacts to
solubility due to dispersion, polar, and hydrogen interactions, their values together with calculated y parameter are presented in
Table A.1.

D P | H |y

Methacrylic acid 158 | 2.8 | 10.2 | 2.1

Acrylic acid 17.7 | 6.4 | 149 | 1.56

Lauril methacrylate 144 | 2.2 51 | 2.87

Vinyl amine 15.7 | 7.2 | 11.8 | 1.83
Water 15.5 | 16.0 | 42.3 0

Table A.1: Hansen Solubility Parameters for Selected CompoundsPolymers. D, P, H are in MPa, y in ksT [36].

Appendix B. Equation of state.

aF(CD (I/;Er.‘l ) ) C,.;)

p(c]’(vgul), Cs) = — 8V :
ge

c=

A% (Ne,)* (N =1) ¢
= — (Nep) ™ : 3 + ;—p —(In(1—cp) +p+xeh) —2¢ | 1
(V2 - (AN)™]

Appendix C. Phase diagrams.
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