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Poly(sodium acrylate) hydrogels: synthesis of
various network architectures, local molecular
dynamics, salt partitioning, desalination and
simulationt

Lukas Arens, (22 Dennis Barther,® Jonas Landsgesell, ©2° Christian Holm €2 ° and
Manfred Wilhelm*®

Various poly(sodium acrylate) hydrogels with different architectures, such as single networks, interpenetrating
double networks and surface crosslinked hydrogels, are synthesized with a systematic change in their
degree of crosslinking. The influence of these 3D structures on the absorbency of aqueous NaCl
solutions is investigated. The local polymer mobility in water is probed in the form of transverse (T5)
!H-relaxation at a low field, which allowed confirming the structural aspects of the studied network
topologies. Salt partitioning between the gel and the surrounding solution phase in NaCl solutions
with an initial salt concentration of co = 0.017-0.60 mol L™ (21-35 g L™} is investigated. The data are
compared with an idealized mean-field Donnan model, which fit the experimental findings only under
the assumption of a drastically reduced effective charge density of for & 25 mol% independent of the
hydrogel used. The unequal salt distribution allows desalination of salt water by applying an external
pressure to a swollen hydrogel to recover its water which has a lower salinity. The specific energy
needed to desalinate 1 m® was estimated to be 6-18 kW h m™>. This value decreases with a lower
degree of swelling independent of the network topology. Besides the experiments, simulations based on
a Poisson—Boltzmann mean-field model and MD simulations are performed to determine the degree of
swelling and salt partitioning as a function of cq for different hydrogels. Both simulations describe
qualitatively the experimental data, where deviations can be ascribed to model simplifications and the
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1 Introduction

Polyelectrolyte hydrogels are a special class of materials with
unique properties. Such charged polymer networks exhibit a
high uptake of water or aqueous solutions that can exceed
several hundred times their own weight. This superabsorbent
behavior renders hydrogels interesting for a large variety of
applications.™” The largest amount of hydrogels produced is
used in hygiene products, like disposable diapers or sanitary
napkins. However, superabsorbers are also found in many
other products, such as additives for drilling fluids or concrete,
as sealings and underwater-cable insulations, for food packaging,
and in agriculture.’
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imperfect structure of the hydrogels synthesized via free radical polymerization.

More recent studies demonstrated that hydrogels can be
applied to recover energy from salt gradients*™® or to desalinate
saltwater in a forward osmosis process. In the latter applica-
tion, the polymer networks are used as drawing agents, which
are regenerated (deswollen) by pressure or temperature.””
While those examples still use a semi-permeable membrane as
a separation agent, we proved in our group that charges along
the polymer chains can be directly used for salt separation
in a membrane-free forward osmosis process. There, the poly-
electrolyte hydrogels act as both the drawing and the separation
agent, simultaneously.'*"*

The physical reason for salt separation is based on the
presence of charges along the polymer chains in the polyelec-
trolyte network. If a dry, charged polyelectrolyte is placed in a
brine solution, the hydrogel will swell, while the charges inside
the polymer cause an unequal distribution of dissolved ions
between the gel and the solution phase. The larger fraction of
mobile salt ions remains in the supernatant phase, which can be
described in terms of the Donnan membrane equilibrium.**™*?
This unequal salt distribution was successfully used to desalinate
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saltwater in a three step process, which is described in more
detail in previous work:'°"? (i) Mixing of dry polymer particles
with saline feedwater, (ii) removal of the supernatant with the
enriched salt concentration and (iii) applying an external
pressure to recover the water with a decreased salinity.

This new method for a desalination process based on
inexpensive polymer hydrogels as separation agents is of great
interest due to the rising scarcity of freshwater. The shortage of
potable water is a known problem in many parts of the world
and will increase further in future due to climate change,
increasing standards of living and population growth."®

In a previous work, the proof of principle for the desalination
method was demonstrated with chemically crosslinked hydrogels
based on partially neutralized poly(actylic acid).'® In addition to
commercial samples, polyelectrolytes were synthesized by free
radical polymerization to vary systematically chemical parameters,
such as the degree of neutralization (charge fraction f) and the
degree of crosslinking (DC) in the range of f= 0-95 mol% and
DC = 0.05-5 mol%, respectively.'* Additionally, process parameters,
such as the swelling time, the applied pressure profile during the
hydrogel compression and the initial NaCl concentration, were
studied. The specific energy, defined as the energy needed to obtain
1 m® of potable water from sea water (with a typical concentration
of 35 g ™" NaCl = 0.6 mol L"), was estimated. The best value
found so far has been 89 kW h m >, when fully charged
poly(sodium acrylate) (PSA) with a high degree of crosslinking of
5 mol% was used.”

Other groups, such as Fan et al. and Ali et al., experimentally
investigated PSA copolymer hydrogels, where further monomers
like 2-hydroxyethyl methacrylate'” or thermally responsive N-iso-
propylacrylamide'® were incorporated into the polyelectrolyte
network. With the latter example, the partially desalinated water
inside the hydrogel could be recovered by applying a tempera-
ture of 50 °C instead of pressure as an external stimulus.

Accurate predictions of the swelling and elastic responses of
polyelectrolyte gels are needed for optimizing gel properties in order
to tailor gels for their specific application, such as the proposed
desalination process. This is a complicated task which goes beyond
analytical approaches.'>'*® Coarse-grained polyelectrolyte network
models have been employed previously in molecular dynamics (MD)
simulations and give microscopic insights into the behavior of
polymer gels.”’® As a drawback, these MD simulations remain
computationally expensive due to the many involved particles
and the slow relaxation times. Therefore, in the last few years
there has been an increased scientific interest in developing
computationally fast mean-field models capable of predicting
swelling equilibria.**?*” Such mean-field approximations were
recently used to investigate the salt partitioning of polyelectrolyte
hydrogels.">***° Desalination cycles, qualitatively similar to the
applied experiments here, were studied with the Katchalsky model
and the energy costs were estimated to be 1.5-3 kW h m™3, which
is close to the theoretical limit of 0.7-1 kW h m>.*

Landsgesell et al. recently developed a Poisson-Boltzmann
(PB) mean-field model for predicting gel swelling equilibria
in aqueous solutions.*>*' This PB mean-field model is also
used in this publication to predict properties such as salt
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partitioning and the degree of swelling, which are then com-
pared to experimental findings.

The main question of the present paper is how the network
architecture influences the salt partitioning and the desalination
efficiency. The following tasks are performed to answer this
question. First, different hydrogel architectures such as statistically
crosslinked single hydrogels, core-shell particles and interpene-
trating networks with a varying degree of crosslinking are synthe-
sized using free radical polymerization. These network types are
chosen due to their relevance. The single networks are widely used
in industry because of their simple synthesis, while core-shell
particles are often applied in hygiene products like disposable
diapers to address the gel-blocking problem and to increase the
absorbency under load (AUL).> In recent years, interpenetrating
networks (IPNs) that consist of two individual polymer networks,
which are solely attached by intermolecular network entangle-
ments, have received much attention.*> Several publications have
proven that the specific double network structure can drastically
improve the mechanical properties of hydrogels.**™*

Second, the degree of swelling in deionized water and NaCl
solutions is studied. This allows calculating the sodium acrylate
concentration in swollen hydrogels. Furthermore, it enables us to
perform the subsequent salt partitioning and desalination experi-
ments under defined conditions using a fixed ratio between the
gel and the supernatant phase. Third, "H-NMR is used in the
time-domain at a low field to probe the polymer mobility in
the network via transverse relaxation. The T,-relaxation allows
drawing conclusions about the topology of the polyelectrolyte
hydrogels itself, as demonstrated in a previous work."® Hence,
polymer mobilities can be assigned to the network architectures
to confirm the synthetic procedures. Fourth, the salt rejection of
various hydrogels is studied in aqueous NaCl solutions in the
range of 0.017-0.60 mol L™ " to see how the charge density and
charge distribution influence the salt partitioning. These results
are compared with theoretical values from the simple Donnan
theory. Furthermore, simulations are performed which are based
on molecular dynamics (MD) and on the PB mean-field model,
respectively. The network parameters of the simulated hydrogels
are chosen to resemble the synthesized samples. This enables us
to broaden the basis for discussion since previous publications
supposed that the predictive power of the Donnan model
with respect to salt partitioning is limited as electrostatic interac-
tions are not explicitly modeled.> In the last part of this paper,
water with a reduced salinity is recovered from the hydrogels by
applying an external pressure. The desalination efficiency in terms
of the specific energy is estimated. This allows for the discussion
on how the network architecture, i.e., the charge distribution and
density, influences the desalination process to further improve
the efficiency.

2 Experimental details
2.1 Materials

Acrylic acid (AA, 99%+, Merck) and tetra(ethylene glycol)
diacrylate (TEGDA, technical grade, Sigma-Aldrich) were freshly

This journal is © The Royal Society of Chemistry 2019
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distilled prior to the synthesis at reduced pressure. Sodium
hydroxide (NaOH, 33 wt% in water, AnalaR Normapur),
n-heptane (99%+, Carl Roth), N,N,N’,N’-tetramethylethylene-
diamine (TEMED, 99.5%, Sigma-Aldrich), sodium persulfate
(SPS, 98%+, Sigma-Aldrich), sodium chloride (NaCl, 99%+,
Acros Organics), 2,2'-azobis(amidinopropane) dihydrochloride
(V50, 98%, Acros Organics), sorbitan monolaurate (technical
grade, Alfa Aesar), ethylene glycol diglycidyl ether (technical
grade, TCI Chemicals), N,N’-methylenebis(acrylamide) (MBA,
99%, Sigma-Aldrich) and deuterium oxide (D,O, 99.9%+ D,
Sigma-Aldrich) were all used as received.

2.2 Synthesis

2.2.1 Synthesis of PSA single networks by free radical
polymerization. Poly(sodium acrylate) hydrogels were synthe-
sized by free radical polymerization of acrylic acid with
the difunctional crosslinker MBA or TEGDA, respectively
(see routes A and B in Fig. 1). The synthetic procedure was
adapted from the literature’ and has been described in detail in
a previous work.'* The acrylic acid (1.00 eq) was partially
neutralized by adding drop-wise 0.75 eq of NaOH solution
and the polymerization was carried out as a 25 wt% aqueous
solution at room temperature under an N,-atmosphere using
SPS and TEMED as the radical redox-initiating system. The
degree of crosslinking, which is given by eqn (1), was varied
in the range of 0.3-30 mol%, where DC values > 5 mol%

0
0/ H,0, sorbitan
<(— monolaurate,

0 n-heptane
¥|cles °C, 4h
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could only be achieved using TEGDA due to the limited
solubility of MBA.

n(crosslinker)

DC = x 100 mol% (1)

n(monomer)
The gelation usually set in within one hour and the polymer-
ization was allowed to complete overnight. The hydrogel was
cut into small pieces, fully neutralized (i.e., charged) by the
addition of an aqueous NaOH solution and eventually placed in
a large excess of water to remove traces of unreacted chemicals
and sol. The purified hydrogel particles were finally dried
overnight at 70 °C in a vacuum oven. The synthesized single
networks (SN) are summarized in Table 1.

2.2.2 Synthesis of surface crosslinked PSA hydrogels. Core-
shell particles with a specifically desired higher crosslinking
density at their outer layer were synthesized by treating SN
hydrogel particles with an EGDE solution. In industry, the
additional post-crosslinking is commonly achieved by spraying
a crosslinking solution (e.g., polyhydric alcohols such as
glycerin or sugars) on the dried, milled and sized polymer
particles as the final stage, followed by a “curing” through
heating (150-200 °C).>*” In this work, EDGE was used as
the crosslinking agent, which allows reducing the reaction
temperature to 65 °C to avoid polymer degradation reactions.
The esterification of the carboxyl group of PSA with the epoxide
is more favored compared to the reaction with an alcohol due

s @
B

H,O0 (25 wt.%), RT  SN-TEGDA
SPS, TEMED

Single
network (SN)

soaking with 2"

monomer solution (3 days)

U\\
polymerization

D

5 o~ Ao 0
RIRE N

Surface crosslinked
hydrogel (SCH)

Interpenetrating
network (IPN)

Fig.1 Scheme of the synthetic routes for various sodium acrylate network topologies: single networks crosslinked with MBA or TEGDA (A and B,
respectively), surface crosslinked hydrogels (C) and interpenetrating networks (D).

This journal is © The Royal Society of Chemistry 2019
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Table 1 Overview of the synthesized samples in this paper. The varied synthetic parameters are given in column 2-4, while the sample names derived
from these quantities are given for the single networks (SN), the surface crosslinked hydrogels (SCH) and the interpenetrating networks (IPN) in column 1

Sample DC [mol%] (1st network) P [vol%] (shell thickness) DC [mol%] (2nd network) Crosslinker
SN-DCO03 0.3 0 — MBA
SN-DC1 1 0 — MBA
SN-DC5 5 0 — MBA
SN-DC1-TEGDA 1 0 — TEGDA
SN-DC5-TEGDA 5 0 — TEGDA
SN-DC10-TEGDA 10 0 — TEGDA
SN-DC20-TEGDA 20 0 — TEGDA
SN-DC30-TEGDA 30 0 — TEGDA
SCH-DCO03-P1 0.3 1 — MBA/EGDE
SCH-DCO03-P10 0.3 10 — MBA/EGDE
SCH-DC1-P1 1 1 — MBA/EGDE
SCH-DC1-P10 1 10 — MBA/EGDE
SCH-DC5-P1 5 1 — MBA/EGDE
SCH-DC5-P10 5 10 — MBA/EGDE
LB1110 Luquasorb B1110 (BASF, Germany), surface crosslinked PSA

IPN-DC03-i-DC1 0.3 0 1 MBA/MBA
IPN-DC1-i-DC03 1 0 0.3 MBA/MBA
IPN-DC1--DC1 1 0 1 MBA/MBA
IPN-DC1--DC5 1 0 5 MBA/MBA
IPN-DC5-i-DC1 5 0 1 MBA/MBA
IPN-DC5--DC5 5 0 5 MBA/MBA

to the additional ring strain of EDGE. The synthetic procedure
was adapted from a patent by Obayashi et al. and is schema-
tically shown as route C in Fig. 1.*® First, dried SN hydrogel
beads with a size in between 350 and 650 pm were suspended
in n-heptane. Next, an aqueous EDGE solution was added,
where the mass of water m,, was chosen with respect to the
degree of swelling Q.4 (see eqn (4)) of the untreated SN hydrogel
particles with the dry mass my, by

My

P=——
Qcq X My

x 100 vol%, 2)

where the penetration P defines the volume fraction of the
hydrogel, which is additionally crosslinked. The amount of
EDGE was calculated by

n(PSAz) X P7 3)

n(EDGE) =
under the assumption that the crosslinker will quantitatively
react with every carboxyl group in the penetrated area.
Typically, 5 g of dried polymer particles with a dry size in
between 350 and 650 um were mixed with 200 mL of n-heptane
and 0.1 g of the emulsifier sorbitan monolaurate in a 500 mL
three-necked flask. A calculated amount of EDGE dissolved in
water (see eqn (2) and (3)) was then added and the reaction
mixture was heated to 65 °C for 4 h, while stirring at 250 rpm
with a sealed precision glass stirrer. The surface crosslinked
particles were eventually washed with deionized water and
dried at 70 °C under reduced pressure. Surface crosslinked
hydrogels (SCH) with a shell of 1 or 10 vol% were synthesized
from single networks with a varying DC of 0.3, 1 and 5 mol%,
respectively (see Table 1).

9952 | Soft Matter, 2019, 15, 9949-9964

2.2.3 Synthesis of interpenetrating PSA-i-PSA double networks.
In the present paper, homo-IPNs, where both polymer networks
consist of PSA, were synthesized in order to maximize the charge
density. The double networks were prepared by a two-step sequen-
tial polymerization strategy (see route D in Fig. 1), where the first
PSA hydrogel was prepared as a disk by directly polymerizing the
reaction mixture (as described above) in a cylindrical mold (using
usually 4 mL of solution per mold with 30 mm diameter). The disk
was eventually placed in an excess (usually 20 times the mass of the
disk) of a second monomer solution and allowed to swell for 3 days
at 8 °C under dark conditions. The composition of the second
monomer solution was similar to the reaction mixture of the first
network, but the following parameters were changed: the
amount of crosslinker MBA was adapted to vary the DC in the
range of 0.3-5 mol%, the acrylic acid was uncharged to allow
the highest soaking into the first PSA network and the photo-
initiator V50 was used (2 wt% with respect to acrylic acid) instead
of the redox initiator to avoid a premature initiation. The
fully swollen disks were removed from the second monomer
solution after three days and polymerized by UV light irradiation
(4 =360 nm) for 2 hours to trigger the polymerization. The inter-
penetrating double networks were then fully neutralized by the
addition of NaOH und extensively washed with deionized water
to remove the sol and all unreacted chemicals. The disks were
eventually ground and dried at 70 °C under reduced pressure. Six
different IPNs were synthesized by systematically varying DC of
the first and the second network, respectively (see Table 1).

2.3 Characterization methods

2.3.1 Water absorbency. The degree of swelling at equilibrium
Qeq Was gravimetrically measured. Dried polymer particles with
a diameter between 350-650 um and a mass m,, of ca. 10-50 mg

This journal is © The Royal Society of Chemistry 2019
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were placed on a wire gauze (120 pm mesh size) with mass
Mgieve- The sieve was put in an excess of a solution to allow the
particles to swell overnight to equilibrium. Then, the sieve with
the swollen particles was removed, gently pressed onto a paper
towel to remove excess solution and weighed (m,,) to calculate
the degree of swelling by

Myet — Msieve — Mp _ mg (gel) [g gfl]
iy iy

Qeq = ) (4)
where mg(gel) is the mass of aqueous solution in the
swollen gel.

Each hydrogel was measured three times in deionized water
and in aqueous 1 wt% (0.17 mol L") NaCl solution, respec-
tively. The three SN hydrogels and the interpenetrating double
network IPN-DC1-i-DC1 were additionally studied in a 0.1 wt%
(0.017 mol L"), a 0.3 wt% (0.05 mol L") and a 3.5 wt%
(0.60 mol L") NaCl solution.

2.3.2 Nuclear magnetic resonance relaxometry. Low-field
"H-NMR measurements were conducted with a benchtop spectro-
meter minispec mq20 (Bruker, Karlsruhe, Germany) operating at
0.47 T with 90° pulses of roughly 2.7 ps, while the sample
temperature was controlled to 32 °C by a BVT3000 unit (Bruker).
About 60 mg of dried polymer particles were mixed with D,O and
dried again in vacuo at 70 °C to remove residual HDO. The
particles were then swollen again with D,O in a ratio of 1:9
and transferred to the bottom of a 10 mm NMR glass tube.

Table 2 Adapted measurement parameters to determine the T,-relaxation
behavior:*® number of acquired scans (ns), number of hon-acquired dummy
scans (ds), echo time (tg), number of non-acquired echoes (de) per acquired
echo, recycle delay (rd) and the number of acquired echoes (ne)

CPMG/XY16
Parameter Short delay Medium delay Long delay MSE
ns [—] 256 128 128 128
ds [—] 4 4 4 4
7 [ms] 0.04 1 1 —
de [ms] 0 0 15 —
rd [s 20 20 20 20
ne [—] 256 256 256 —

a) 100 Trvupy . MSE -
" xy16 (.= 0.04 ms)

s s Xy16 (=1 ms)

xy16 (7= 1 ms) + 15 de |

— 601

=

= A0y L

20+ L
—— Exp. fit (solvent) s,
04 - Solvent substracted data >« -
0,01 01 1 10 100 1000 10000
r[ms]

Fig. 2
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The T,-relaxation times were recorded using the combi-
nation of a magic sandwich echo (MSE) and CPMG/XY16 pulse
sequences with three different echo times (see Table 2).*” The
modification of the CPMG pulse sequence in the form of the
XY16-phase cycle was necessary to avoid the spin-locking effect,
as described in previous publications.>>*' The different echo
times were required, since the transverse relaxation of hydro-
gels spans over 6 decades.*® The early relaxation behavior was
thus recorded by MSE, while the later parts were measured with
three CPMG/XY16 experiments by increasing the echo time and
by introducing non-acquired echoes. The results from all four
experiments were collected into one data set, the contribution
of the solvent was subtracted and the data renormalized, as
shown in Fig. 2a and in more detail in a previous publication.*®

2.3.3 NMR data treatment. The renormalized T, data were
deconvolved into a distribution of exponential decays by using
the inverse Laplace transform (ILT) (see Fig. 2b). However, the
ILT is an ill-posed problem and has to be solved numerically
making prior assumptions. In this publication, the CONTIN
algorithm in MATLAB was applied.’>° As important input
parameters, a smoothing factor of 10 and 100 points, logarith-
mically spaced in the range of 0.001-1000 ms, was used. It
should be noted that the inversion results are later plotted as a
function of the relaxation rates 7, .

2.3.4 Desalination experiments. Desalination experiments
were conducted on a custom-built press setup, where construc-
tion details are described in previous work.'"'> The apparatus
consists of a sample chamber of about 400 mL volume for
the gel and the supernatant phase. On top and bottom of
this chamber are two sieve units made of cellulose filter paper
(3-5 um pore size) supported by two metal wire layers. During
an experiment, the upper sieve is moved by a hand driven
oil hydraulic piston to compress the gel, while the pressure on
the gel inside the chamber and the volume flux is measured
online by a pressure sensor (SD-40, Suchy Messtechnik,
Lichtenau, Germany) and a distance gauge (MarCator 1086,
Mahr, Gottingen, Germany), respectively.

The desalination experiments are conducted under con-
trolled conditions, where the chamber volume is equally filled

L L L 1

b i
) 100 = Normalized data | |5
— Function (ILT)

80+ . Distribution (ILT) | |4
p— 60' '3 —
X o
~ 40- L2

20 N 1

0 osememomons” Lo

0,01 0,1 1 10 100 1000

7[ms]

(a) The complete T,-relaxation of the hydrogel is studied by the combination of three CPMG/XY16 experiments and the MSE. In green triangles,

the raw data after solvent subtraction and renormalization are shown. (b) The renormalized data are deconvolved by the Laplace inversion into a

distribution of different relaxation times (blue spheres).
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by the supernatant and the gel phase (Viupernatant = Vger): In
order to determine the needed amount of dry polymer
to achieve this volume ratio, swelling experiments in the
respective salt solution were performed in advance. A constant
volume of the supernatant phase and swollen gel was
chosen due to the fixed size of the press chamber of about
400 mL. Consequently, the mass of the dry polymer m, and
the salt solution mg depends on the degree of swelling
at equilibrium Q.q in the 1 wt% NaCl solution and were
calculated under the assumption of a density of 1 g mL™" by
eqn (5) and (6).

400

T 0T 5)

mpz

mg = 400 — my, [g] (6)

The mixture was stirred overnight and eventually transferred
into the press chamber. The actual desalination experiment
was started by lowering the piston to apply a pressure below 1 bar
to first remove excess solution until the flux decreased noticeably
within 20 min. Then, a linear pressure increase of 60 bar per h to a
maximum of 80 bar, or until failure of the experiment (e.g., by
pushing the hydrogel through the sieve elements), was applied.
Meanwhile, the eluate was collected in fractions of 3-10 mlL,
whose salt content was analyzed by conductivity measurements
(SevenMulti, Mettler Toledo, Gief3en, Germany) after an appro-
priate calibration.'"

2.3.5 Salt partitioning and desalination efficiency. In each
desalination experiment, the supernatant phase is removed
first by applying a pressure below 1 bar. The salt concentration
of this solution quantifies the partitioning of mobile salt ions
and is not affected by removing the supernatant phase. The red
dashed line in Fig. 3 shows that ¢, does not change as long as
the gel is not being compressed and only the supernatant

300 |
—h— - e — o — A A Ay -11
R shifted 1 * o
250 salt rejection (c_ ) c-data : 4 5
-~ — [ P NNV N PN N — )
= 200 cT N iy
m initial salinity c, ! 4 AAA N =)
'E" 150 4 ! AAA G -9 3
a : AAA oA ‘Z“
2 1004 | . pressure, p p<1bar, LN T
’ | o A -8
o energy, E ) 54
50 4 salinity, ¢ ! p
I 7 IN 7
04 = ] ] [ u s : . B i
J T T L L T
0 50 100 150 200 250 300 350
VImL]

Fig. 3 The typical salt reduction (blue solid triangles) during one desali-
nation cycle of sample SN-DC1 is displayed. The average salinity of the
fractions of the supernatant is taken to calculate the salt rejection SR (red
dashed line), where this phase is removed by applying a pressure below
1 bar (left of the vertical black dashed line). Then, the pressure on the gel
(black solid squares) is linearly increased by 60 bar per h (thus, also the
expended energy E rises), whereupon the hydrogel compresses and water
with a decreasing salinity is recovered.
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solution is removed from the chamber within a few minutes
at the beginning. Thus, the average concentration of the first
fractions was used to determine the salt rejection by

> (er — )
sR="T )
€0

S |-

where ¢ = 10 g L™' = 0.17 mol L™" NaCl is the initial salt
concentration and c¢; is the salt concentration of fraction i.
After the supernatant phase has been completely removed (see
vertical black dashed line in Fig. 3), the pressure on the
hydrogel is linearly increased by 60 bar per h to compress the
gel, whereupon water with a linearly decreasing salinity is
recovered (see blue triangles).

The expended energy E (open black squares in Fig. 3) and
the removed amount of salt Am(NaCl) are both considered to
analyze the desalination efficiency, as discussed in a previous
work.'” The expended energy is calculated by the numerical
integration of the pressure-volume work

E; = —J pi x dV;, [8)
i=0

while the potential extracted salt mass is given by

Am(NaCl) = m(NaCl, initial) — m(NaCl, fractions)

Co Z Vl‘ — Z (Ci X V,')7 (9)

i

where V; is the volume of fraction i. The c-data were shifted to
the initial salt concentration ¢, (open blue triangles in Fig. 3) to
mimic an infinitely large external salt bath (such as the sea), as
explained in more detail in a previous work.'> Furthermore,
only fractions after the pressure was increased above 1 bar
(vertical black dashed line in Fig. 3) were considered to calcu-
late Am(NaCl), since no desalination is achieved before, where
Am(NaCl) scatters only around 0.

The ratio of expended energy to removed salt mass,
expressed by the parameter x in eqn (10), can be used as a
criterion to quantify the desalination efficiency."

E

B Am(NacCl) kW s &7

K (10)
Alternatively, the specific energy, calculated from the expected
energy to remove 35 kg of salt in one cubic meter water as a

mimic for seawater, can be estimated by

35000
E ;=K

- -3
- X 3600 s o1 10 x x [kW hm™)]

(11)
The desalination experiments are quite time consuming with
2-3 h per cycle and thus, they were only repeated for the
hydrogel, SN-DC1, three times using a new sample each time.
The uncertainty of the specific energy for this sample was found
to be ca. 6%, whereas previous work investigated the recycling
of the same hydrogel (commercial sample LB1110) in 20
successive cycles. In those experiments, no sign of degradation
was seen and E,,s scattered around the same mean with an
uncertainty of ca. 21%."
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Table 3 The degree of swelling at equilibrium Qq in deionized (DI) water
and a 1 wt% NaCl solution is shown for the various samples used in this paper.
The salt rejection (SR) at a defined volume ratio of Vs,pernatant = Vgel and the
minimum of the specific energy Ensmin is given in the last two columns

Qeq
Qeq (DI water) (1 wt% NaCl)

E1n3,min
Sample [gg ] [gg ] SR [wt%] [kW h m?]
SN-DCO03 372.6 = 10.7 50.8 £ 0.7 8.6 £ 1.8 18.4
SN-DC1 92.4 £ 0.3 25.7 £ 0.3 11.0 £ 0.9 14.7 £ 0.9
SN-DC5 224 £ 1.7 11.8 £ 0.1 23.2+ 0.9 9.1
SN-DC1-TEGDA 123.0 + 9.1 33.6 £ 0.3 9.8 £2.4 18.1
SN-DC5-TEGDA  29.8 £ 1.5 159 £ 1.2 19.6 £ 0.8 9.2
SN-DC10-TEGDA 17.7 + 1.0 10.4 £ 0.9 23.3+£0.7 7.9
SN-DC20-TEGDA 17.0 + 0.9 10.3 + 0.0 22.8 £ 0.3 7.1
SN-DC30-TEGDA 13.9 + 0.7 8.8 £ 0.0 19.5 £ 0.8 7.9
SCH-DCO03-P1 218.7 +10.9 40.2 + 2.0 7.6 £ 0.5 15.8
SCH-DC03-P10 162.7 +£8.2  30.1 £ 1.5 10.6 £ 3.0 16.6
SCH-DC1-P1 60.5 + 3.0 231+ 1.2 13.9 + 1.0 13.3
SCH-DC1-P10 26.8 + 1.3 14.6 + 0.7 20.6. + 0.6 14.3
SCH-DC5-P1 20.5 £ 2.0 11.8 £ 1.4 21.0 £ 3.3 8.1
SCH-DC5-P10 11.0 = 2.6 7.5 £3.7 23.5 2.1 —
LB1110 115.7 £ 7.1 22.0 £ 1.1 18.6 + 3.0 11.3
IPN-DCO03-i-DC1  68.3 £+ 5.4 25.1 £1.3 14.7 + 1.4 124
IPN-DC1-i-DC03  55.4 £+ 0.4 21.7 £ 1.1 18.9 + 2.5 12.3
IPN-DC1--DC1 43.6 £14 21.0+£1.1 15.8 + 1.7 12.7
IPN-DC1--DC5 371+ 1.1 15.7 £ 0.8 19.1 £ 1.1 85
IPN-DC5--DC1 11.9 + 0.1 8.0 £ 04 23.8 £ 0.4 5.6
IPN-DC5--DC5 11.5 £ 0.1 8.4 +£04 25.7 £1.2 5.9

For all the other samples, the desalination cycle was performed
only once, whereas the salt rejection SR was measured (by analyzing
the conductivity of the supernatant) three times in individual
experiments using the same ratio of Vsupernatant = Vgel, but a smaller
volume (m, + m;, = 40 g). The resulting uncertainties of the salt
rejection are shown in Table 3 as well as in Fig. 11 and 12.

2.4 Simulations

2.4.1 Poisson-Boltzmann cell model. The Poisson-Boltz-
mann (PB) cell model is based on subsequent simplifications as
shown in Fig. 4, where the many-chain problem is simplified to
a density based PB model.

The periodic gel model and the PB cell model are discussed
in detail in previous work®>*®*! and in the ESL They allow the
prediction of the swelling equilibria of gels, given the following
input parameters: the number of monomers per chain N, the
charge fraction f and the salt concentration of the solution
which is in contact with the gel ¢, Solving the models, p-V
curves are obtained and the swelling equilibrium is found
where the pressure of the gel is equal to the pressure of the
bath. It should be noted that the MD and PB simulations are
performed in the presence of an infinite reservoir. From these
simulations we obtain salt concentrations inside the gel and an
equilibrium volume. In the next step, a simplifying assumption
is made that the concentrations in the gel and the reservoir
do not change, if the size of the reservoir is reduced to the
size of the gel (i.e., they become finite). This simple ansatz
neglects any possible finite-size and gel/solution interphase
related effects.

This journal is © The Royal Society of Chemistry 2019
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Poisson-Boltzmann

periodic gel model

Fig. 4 Schematic representation of the simplifications involved in the PB
cell model. The many chain problem of negatively charged periodic gel is
simplified to a single chain problem, which is then further simplified to a
density based PB cell model, as described in previous work.*%4*

The salt rejection is then calculated by

SR(co) = C"“tcio*c" x 100%,

(12)

where ¢, is the salt concentration prior to inserting a gel.
It should be noted that eqn (12) derives from eqn (7) by
considering only one fraction of the supernatant phase (i.e.,
i=n=1ineqn (7).

The initial salt concentration is connected to the salt con-
centrations in the supernatant and the gel phase after swelling
via conservation of the total number of salt particles Ny,. At
equal volume V/2 of the supernatant phase and the gel phase,
the salt pairs which were in the initial salt solution of concen-
tration ¢, need to be conserved (see ESIT for more details). This
can be expressed via

Cj 14 Cou V
Niot = ¢V = ; + 021 (13)
or equivalently
= Cin ‘;Cout. (14)

Since the models provide microscopic information, the salt
concentration inside of the negatively charged gel ¢;, = (c_(7))v
can be obtained. Therefore the salt rejection is calculated via

SR(CO) = M (15)
)

Cout + <c,(r)

It should be noted that the PB cell model has the salt
concentration of the supernatant phase ¢y, as input and the
salt concentration in the gel c;, as output, whereas the experi-
ments use the initial salt concentration ¢, as input. In order to
compare both results, ¢,y is varied in the simulations until c,
which is calculated by eqn (14), is conserved at each point in
the p-V curve. The swelling equilibrium is then found at the
point where the pressure of the supernatant phase equals the
pressure of the gel.***!

For better comparison with experimental results we intro-
duce a mapping from the predicted end-to-end distances
in swelling equilibrium to the mass of the solution in the gel.
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This is important since the experiments conducted report the

degree of swelling as a fraction of the mass of the water in

the swollen state divided by the mass of the dry state
_ my(gel)

( G my

modeling assumptions. First of all, the mass of the dry state

). This mapping however requires some

is determined by the number of monomers N and the molar
mass of the monomers Mg,:
mp = Mga X N, (16)

where m, is the mass of the dry polymer depending on the
number of monomers N which have a molar mass of Mg, =
94 g mol™" (here, fully dried sodium acrylate without any
remaining water and neglecting the crosslinker).

The mass of the water in the swollen gel mg(gel) is deter-
mined via its volume and an approximate density which is close
to that of pure water:

my(gel) = V(N)py, (17)

where the density p,, = 1 kg L™" is approximately the density of
3
(Rea(N))
A

by the PB cell model. From geometrical considerations for a
fully stretched diamond like gel, we obtain the parameter

V27

27
A =" in the case of a single network,*” or 4 = g in the

water and V' (N) = is the volume of the gel predicted

case of a double network.

2.4.2 MD simulations. In analogy to KoSovan et al., who
simulated a single network, MD simulations of two interpene-
trating periodic gels, which are in contact with a salt reservoir,
are performed. For details regarding the simulation setup, we
refer to the supporting information and the similar approach of
Kosovan et al.>® Similar to Edgecombe and Linse,”® the initial
gel configuration for two interpenetrating gels is obtained via
replicating the first gel and then displacing it. A screenshot of
the interpenetrating gels can be found in Fig. 5. The mass
based degree of swelling Q.4 is calculated in analogy to the PB

Fig. 5 Depiction of two interpenetrating diamond-like gels (first gel is in
orange, the second gel is in blue).

9956 | Soft Matter, 2019, 15, 9949-9964

View Article Online
Soft Matter
V(N) X py

my
solutions by finding the equilibrium volume V(N).

model via Qcq = in differently concentrated NacCl

3 Results and discussion
3.1 Degree of swelling

The absorption of water or aqueous solution is probably the most
important characteristic of a polyelectrolyte hydrogel. Upon swel-
ling, the elastic chains extend, whereas the crosslinks prevent a
complete dissolving of the polymer. The degrees of swelling
measured at equilibrium in deionized water and a 1 wt% NaCl
solution are displayed in Table 3 for the various hydrogel samples.

The water absorbency decreases monotonically with an
increasing DC, since a higher crosslinking density leads to
more constraints in the network and smaller pores of the
hydrogel."*'"*""%% Furthermore, Q. decreases with higher
NaCl concentrations of the aqueous solution.*>**®* The higher
salinity reduces the driving force for swelling, as the osmotic
pressure difference between the hydrogel and the surrounding
solution decreases. The salt dependency on Q.4 is shown for the
different SN hydrogels in Fig. 6 and can be well described using
power law fits of the form Q.q = A x co(NaCl)”. This power law
dependence on the initial salt concentration was also described
previously by Horkay et al. for a weakly crosslinked PSA hydro-
gel (DC =~ 0.06 mol%), where b = —0.47 + 0.03. They argued
that b is close to —0.5, which resembles the variation of the
electrostatic screening length Jp, ~ Iy x co(NaCl)~ > where I is
the Bjerrum length.®>®> This argument is however valid only for
long linear polyelectrolytes and thus, in the present paper both
parameters, A and b, decrease further with a higher DC (see
Fig. 6). The results from the simulations based on the PB cell
model are shown for different numbers of sodium acrylate
monomers per chain N in the same graph.

It can be seen that the salt dependency of the simulation
data is quite well described, resulting also in straight lines in

1000 L -

increasing DC 10{ * * L
(smaller N)

100 4

Q,,[g/d]

10- * * ® %oy 0-24
Experiments y=7.7"x *

® SN-DCO3  giutations
e SN-DC1

* N=15 % N=20
4 SN-DC5 30 x N=5O
—— Power Fits

0,0 0,2 0,4 0,6
c,(NaCl) [mol/L]

Fig. 6 The dependency of the initial NaCl concentration on the degree of
swelling is shown for three differently crosslinked SN hydrogels. Power
functions describe this behavior well, as seen in the double logarithmic
plot in the inset. Additionally, data from the simulations based on a PB cell
model with various elastic chain lengths are shown as stars. The compar-
ison of both data sets is described in the main text.
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the log-log plot and values for Q.q and b in the same order of
magnitude as the experimental data. However, the deviation
between simulation and experiment seems to get larger for lower
salinities and a lower DC (i.e., a larger N). For a quantitative
comparison, the synthetic quantity DC has to be translated into
an average number of SA units per elastic chain N. This
relationship can be expressed via®>**

1 1

M= (1 - f:) “DCxk
where f. = 4 is the crosslinker functionality and k is the cross-
linker efficiency. The crosslinker efficiency varies over a broad
range for the present system (e.g., 15-78%)% and depends
besides the monomer and crosslinker on many synthetic para-
meters, such as the charge density, the polymer concentration
during the crosslinking and DC itself.”®®® Assuming a cross-
linker efficiency of 50% simplifies eqn (18) to N = 1/DC.
However, this assumption would result in elastic chain lengths
of 333, 100 and 20 for the samples plotted with a DC of 0.3,
1 and 5 mol%, respectively. A quantitative agreement between
experimental and simulation data would then only be present
for the highest crosslinked sample SN-DC5. Several reasons
might cause this deviation: (i) the degree of swelling was
experimentally determined by the ratio of absorbed water to
ms(gel)

My

hydrogels are very hydrophilic and contain typically about
10 wt% of moisture. In the simulations, the degree of swelling
is calculated from the end-to-end distance and under the
assumption that m, = m(N) neglecting the molecular weight
of the crosslinker MBA and any residual water. (ii) The simula-
tions are based on a monodisperse distribution of the elastic
chain length, where no actual crosslinker is present. However,
the samples were synthesized by free radical polymerization
and have thus a broad distribution of the number of monomer
units between two crosslinking points.®”*® Simulation results
indicate that a broader distribution of elastic chain lengths leads
to a higher degree of swelling when an asymmetric distribution
with a positive skewness in analogy to a Flory-Schulz distribu-
tion is applied.*" (iii) Different side reactions like chain transfer
lead to additional chemical crosslinking points reducing the
effective chain length of the gels. (iv) Intermolecular entangle-
ments between elastic chains can act as additional non-fixed
crosslinking points, reducing further the effective number of
monomer units per elastic chain. This effect becomes more
pronounced, if more monomers are present between two cross-
linking points. (v) In the simulations, the dielectric constant of
water was assumed to be constant at & = 80. However, the
dielectric constant changes with the salt concentration and
especially with the degree of swelling, as the electric environ-
ment in a charged hydrogel depends strongly on its charge
density. Thus, each data point has a slightly different dielectric
constant depending on Q.q and the initial salt concentration.
Furthermore, water molecules in the hydrogel might orient
close to the charges, which results in different local dielectric
constants on a microscopic level. As these dependencies are not

(18)

dry polymer mass, Q.q = . However, the polyelectrolyte
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straightforward to predict, the primitive restricted model was
applied as an approximation and the dielectric constant was
simply kept constant. All these reasons contribute to the shown
deviation between experimental and simulation data, especially
if the elastic chain is longer.

Highly crosslinked hydrogels with a DC > 5 mol% were
synthesized using the more soluble crosslinker TEGDA instead
of MBA. At the same DC (1 mol% and 5 mol%), Qcq Was larger
when TEGDA was used (see Table 3). This could be caused by a
reduced crosslinker efficiency, as the longer TEGDA molecule
might easily form rings instead of effective crosslinks. The highly
crosslinked PSA-TEGDA samples with a DC > 10 mol% exhibit
only small changes in their water absorbency and no significant
differences in their mechanical moduli (not shown). This can
be explained by the rather long TEGDA crosslinking points:
the contour length of one TEGDA molecule matches the length
of 8 sodium acrylate monomer units. At a very high DC (e.g.,
>12.5 mol% assuming a crosslinker efficiency of 50%), the
length of the crosslinker is longer than the actual elastic chain
length resulting in less charged (less hydrophilic), but no
looser, networks.

The degree of swelling of the surface crosslinked samples
decreases with the thickness of the shell as expected. The core
is still able to absorb high amounts of water, whereas the shell
is more limited. Thus, the overall absorbency of the hydrogel
decreases with the thickness of the shell (see Table 3).

The water uptake of the IPNs decreases compared to the
precursor single networks (SN), since the incorporation of the
second polymer causes more constraints of the elastic chains
due to additional network entanglements. The differences
between Qcq(IPN) and the corresponding Q.q(SN) are more
pronounced when the DC of the second network is larger than
the DC of the first network (see Table 3). It should be noted that
the amount of the second polymer network depends on the
solution uptake of the precursor hydrogel, as a weakly cross-
linked hydrogel is able to take up more of the second monomer
solution. Consequently, the changes in the absorbencies between
IPN and SN are less pronounced, when the first network is already
highly crosslinked. Additionally, the order of the synthesis is thus
crucial for the macroscopic properties, i.e., sample IPN-DC1-i-DC5
differs from sample IPN-DC5-i-DC1.

In addition to the experimental data, the degree of swelling of
a fully charged SN and an IPN was studied by MD simulations in
differently concentrated NaCl solutions. The MD simulations
were used instead of the PB cell model since they can be applied
straightforwardly to describe IPNs as shown in a previous
work.”® The SN is made of a PSA hydrogel with an elastic chain
length of N = 40, whereas the IPN consists of two fully charged
PSA hydrogels with the same N of 40, as seen in the snapshot in
Fig. 5. At low NaCl concentrations, it is found that the single
network can swell up to almost two times more than the double
network, whereas the degrees of swelling Q.4 converge for both
network types at higher salt concentrations (compare Fig. 7). In
the IPN, the freedom of movement of the nodes of the second
network is restricted by the first network, as seen in Fig. 5.
Therefore, temporary entanglements between both networks
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Fig. 7 The degrees of swelling of both fully charged simulated double and
single networks are shown for different initial NaCl concentrations as stars.
The water absorbency of the SN is much higher at low concentrations,
whereas the difference in the swelling behavior becomes smaller for
higher salt concentrations. The MD simulations are qualitatively in good
agreement when compared with the experimental data from SN-DC1 and
IPN-DC1-i-DC1, which are shown as squares.

may occur. Thus, the presence of more constraints in the
double network reduces the water uptake, where the findings
of the absorbency are qualitatively in good agreement with the
experimental data. The samples SN-DC1 and IPN-DC1-i-DC1
resemble the simulated hydrogels: both networks have the
same degree of crosslinking, they are fully charged, and the
molar ratio of the first to the second network in the IPN is
about 1:1. The difference of the water absorbency is very
pronounced in deionized water (the IPN swells about a factor
of 2.5 less), while the degrees of swelling become very similar in
solutions of higher concentration, as seen in Fig. 7.

3.2 T,-Relaxation behavior

"H-NMR-relaxometry measures the polymer mobility by prob-
ing the T,-relaxation rates of the hydrogels. This technique
allows gaining further insights into the network heterogeneity
as indirect information about the mesh beyond a mean value is
accessible. The T,-relaxation behavior of PSA hydrogels with
various different synthetic parameters was previously investi-
gated:*® in general, more highly crosslinked samples with more
constraints in the network have a reduced mobility of the chain
segments. The hydrogels relax faster and the T, "-distributions
are accordingly shifted to higher relaxation rates.

In a previous work, "H-NMR in the time domain was success-
fully used at a low field to probe also the introduced hetero-
geneity of the local polymer mobility in the commercial surface
crosslinked sample LB1110 from BASF (see green triangles in
Fig. 8).*° This sample has two specific peaks: one at smaller
relaxation rates (7, ' = 0.01-0.5 kHz), which can be assigned to
the more flexible core and one peak at higher relaxation rates
of T,”' = 0.5-10 kHz, corresponding to the less mobile shell.
However, in the present work additionally self-synthesized
samples are analyzed before and after the crosslinking proce-
dure to obtain more detailed information about the surface
crosslinking itself (see Fig. 8). The single network SN-DC1 shows
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Fig. 8 Distributions of T, ! obtained by the inverse Laplace transform are
displayed for a single (precursor) hydrogel (SN-DC1 in black squares) and
the corresponding surface crosslinked analogous samples (SCH-DC1-P1
and SCH-DC1-P10 in red spheres and blue triangles, respectively). The
commercial surface crosslinked sample LB1110 (BASF) is shown as a
comparison in green open triangles.

one broad distribution (see black squares), whereas the corres-
ponding surface crosslinked samples PSA-DC1-P1 (red spheres)
and PSA-DC1-P10 (blue triangles) show two specific peaks,
which can be related to the flexible core (T, ' = 0.1-1 kHz)
and the more restricted shell (T, ' = 1-10 kHz). An increase of
the penetrated area P reduces the peak intensity at smaller rates
(core) and shifts the second peak (shell) to even higher rates,
indicating a larger and stiffer shell with a lower mobility.

The T, '-distributions of the IPNs, where the percursor
polymer was 1 mol% crosslinked (SN-DC1) are displayed in
Fig. 9. All double networks have an increased hetereogeinity in
their distributions compared to the single network (black
squares). When the DC of the second network is lower than
the DC of the first network (IPN-DC1-i-DCO03 in red spheres), a
higher fraction of smaller T, rates is observable, as the second
network has on average more monomer units between two
crosslinking points and is thus more mobile. In contrast, an
increased peak at higher T, " values is obtained when the second
network has a higher DC (IPN-DC1--DC5 in blue triangles) related
to the lower mobility of the more densely crosslinked hydrogel.
However, higher relaxation rates (relative to the single precursor
network) are present in all IPNs, even if the second network has a
lower or the same crosslinking density (IPN-DC1--DC1 in green
triangles). This can be assigend to the additional entanglements
between the networks which cause more constraints and thus,
lead in general to a lower mobility.

The results of the "H-NMR-relaxometry are able to reveal the
increased heterogeneity of the polymer mobility, which can be
related to the interpenetrating double network structure. The
increased heterogeneity is more pronounced in hydrogels, where
the first network was less densely crosslinked, since more of the
second network got incorporated, as already discussed in the
previous section. Therefore, the changes in the relaxation behavior
are also stronger for these samples, as shown in Fig. 10a and b.
In particular, sample SN-DCS5 is already highly crosslinked and

This journal is © The Royal Society of Chemistry 2019
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Fig. 9 The distributions of T,-relaxation rates of three different inter-
penetrating networks are compared with the corresponding precursor
single network SN-DC1. It is clearly seen that the local dynamics of the
IPNs are more heterogeneous.

immobile, where the incorporation of the second network with
a DC of 1 mol% barely introduces any more constraints.

3.3 Salt partitioning

In previous work, it was found that a higher degree of cross-
linking leads to an increasing salt rejection, since these gels
have a higher charge density in their swollen state.""'* The salt
partitioning of the different networks in this paper is summar-
ized in Table 3, where SR increases with a higher DC, a surface
crosslinked shell or by the incorporation of a second network.
However, all these synthetic changes go along with a reduction
of the degree of swelling as discussed in the previous section.
Hence, the concentration of the polymer c;, in the swollen gel is
higher with lower Qcq. In order to evaluate whether the arrange-
ment of charges in the network influences the salt rejection or
solely the charge density, the salt rejection SR is plotted as a
function of the degree of swelling and as a function of the
sodium acrylate concentration cs, (i.e., charge density) in

a) 8 1 "l "l 'l 1
2] — SN-DCO03 "
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Fig. 11a and b, respectively. The relationship between Qcq
and cs, is given by

_ XSA X Py Ps

s = _ (fS_A>
MSA 1+ Qeq ’

Msa
where p; = 1 kg L' is approximately the density of water,
Msa = 94 ¢ mol™' is the molar mass of sodium acrylate,

(19)

_ m, 1
Xsa = fsa X W—fSA “TT0n
sodium acrylate and fgo = 1 — DC — P is the relative sodium
acrylate content in the polymer considering the non-charged
crosslinker fraction (DC and P).

All the different network architectures have a similar salt
partitioning and the SR values are in the same order of
magnitude at a given cs, (see Fig. 11). These findings indicate
that the charge distribution inside the gel networks has a non-
significant influence on the salt partitioning and that only the
charge density of the fully swollen hydrogels is crucial, where
more charges per gel volume reject more ions.

As shown in Fig. 11la and b, the charge density (ie.,
the sodium acrylate concentration cg,) of fully charged poly-
electrolyte hydrogels is mainly determined by the degree of
swelling. It should be noted that css can also be expressed as
the number of elementary charges e per cubic nanometer,
where 1 mol L' = 0.6 e nm >, In the present work, different
network structures were used, which led to a varying degree of
swelling at equilibrium and thus, a changing charge density.
However, a higher c¢s, could also be achieved by swelling the
same polyelectrolyte network to non-equilibrium using a shorter
swelling time, where measuring SR is albeit experimentally not
straightforward.

The experimentally measured SR values are compared with
calculations from the Donnan theory using eqn (20)-(22).'""?
The salt partitioning of this theoretical analysis is based on a
mean-field model and thus, it does not reflect on the distribu-
tion of charges in the gel but rather compares the amount of
ions inside the gel and the supernatant phase. The following

is the mass fraction of

b) 8 1 '
{——sN-DC5
{{——IPN-DC5-i-DC1| .,

-
J

5 I -
44 B
f

2 N
7] i
0] i
1E-3 0,01 1 100 1000

01 1 10
1IT, [kHz]

Fig. 10 (a) To '-distributions of an interpenetrating double network and the corresponding less densely crosslinked precursor hydrogel SN-DCO3.
(b) T, l-distributions of an interpenetrating double network and the corresponding more densely crosslinked precursor hydrogel SN-DC5. The
distribution of the weakly crosslinked precursor hydrogel SN-DCO3 shifts distinctively after the incorporation of the second network with a DC of 1 mol%
(a), whereas the distribution of the highly crosslinked precursor hydrogel SN-DCS5 is barely affected (b).
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(a) The salt rejection SR of the various hydrogel networks from this paper (see Table 1) is plotted as a function of the degree of swelling Qcq. (b) SR

as a function of the sodium acrylate concentration csa. A higher csp leads to a higher charge density and thus, to a better salt rejection. The experimental
data are compared with calculations from the mean-field Donnan theory using different effective charge fractions (feg).

expressions for salt partitioning are derived using this mean-
field Donnan approach with an equal volume of supernatant
and gel phase.

The salt concentration of mobile anions in the gel phase ¢;,
is expressed by

2
ferr X CsA > Jerr X csa
Cin = T + Cout™ — T>

where the salt concentration of the supernatant phase coy is
calculated from the mass balance of added NacCl by

(20)

Cout = 2 x Co — Cin (21)

The salt rejection is finally expressed relatively to the initial
salt concentration by combining eqn (20) and (21) and putting
them in eqn (12), which results in

2><C()

(feff >;CSA> 2%

SRponnan = | 1 — x 100%. (22)

The experimental data and the theoretically calculated values
using a different effective charge fraction f.¢ are compared in
Fig. 11b. It is demonstrated that the Donnan approach can be
qualitatively used to describe the experimental values, inde-
pendently of the network architecture used. However, a quan-
titative prediction is only possible using a strongly reduced
charge fraction of only 25%. These deviations can be attributed
to two different means: (i) the Donnan model fails to describe
quantitatively highly charged hydrogels, where the salt rejec-
tion is overpredicted as shown in previous studies.""* (ii) The
effective charge density along the polymer backbone is reduced
by counterion condensation, which leads to a reduction of the
effective charge fraction. This so called Manning condensation
sets in, when the charge density exceeds a critical threshold
value feic = 1/¢ = d/Ig, where d is the distance between neighbor-
ing charges and I is the Bjerrum length (g = 0.713 nm in
water).°>® In the case of poly(sodium acrylate) chains, d can be

9960 | Soft Matter, 2019, 15, 9949-9964

estimated to be 0.25-0.50 nm depending on the conformation.
This means that counterions are bound to the polyelectrolyte
above f.;it = 0.35-0.70. This Manning argument is however only
exactly valid for an infinitely thin and long perfectly one-
dimensional line charge and not for crosslinked, semi-flexible
polyelectrolyte chains, where the degree of adsorbed counter-
ions increases with the salt and polymer concentration.®’
Considering these two fundamental issues, the experimental
salt partitioning can still be fitted quite well by the Donnan
model using a low effective charge fraction of f.¢r = 25 mol%.
However, f.¢r should be regarded as a fitting parameter in this
context instead of the real charge fraction inside the gel.

The salt partitioning of the three SN hydrogels were addi-
tionally studied in differently concentrated NacCl solutions in
the range of 0.017-0.60 mol L™ " and are depicted in Fig. 12a
and b. The salt rejection SR increases with decreasing salinity
of the aqueous solution, as expected. Furthermore, SR can
always be well fitted by the Donnan model using a similar
reduced charge fraction fe¢r in the range of 25-32%, with no
systematic dependency of the initial salt concentration c,.

The results of the simulations based on the PB cell model
are plotted in the same graphs for the different initial salt
concentrations as stars in the respective color. The PB model
shows qualitatively the same trend as the experimental data
and the Donnan fit where the effective charge of the gel was
used as a fit parameter. As the simulation data and the fitted
Donnan model show the same trend this supports the possible
usage of an effective Donnan fit to extrapolate the SR to
different crosslinker densities than the ones used for fitting.
A decreasing charge density of the gel (higher Q.q and lower cg,
respectively) leads to more mobile salt ions in the gel and
fewer in the supernatant phase (lower SR). Quantitatively, the
simulations deliver always higher SR values compared to the
other data points, where the deviations become larger at low
polymer concentrations and high initial salt concentrations.
This deviation between experimental and simulation data can
be explained by several simplifications that were made, where
the resulting discrepancies between experiment and simulation

This journal is © The Royal Society of Chemistry 2019
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(a) The salt rejection SR of three SN hydrogels with a varying degree of crosslinking (open symbols) in differently concentrated NaCl solutions as

a function of the degree of swelling Q. (b) SR as a function of the sodium acrylate concentration (i.e., charge density). A lower salinity leads to a higher
salt rejection, which is well fitted using the Donnan model under the assumption of a reduced effective charge fraction of fes = 25-32% (lines). The
simulation data are shown as stars and overestimate SR, where reasons for this deviation are discussed in the main text.

have already been given in Section 3.1. For instance, the
experimental Q.q should be about 10% higher due to moisture
of the dried samples. Thus, all the experimental data points in
Fig. 12a would be shifted by a factor of 1.1 along the x-axes.
Furthermore, the PB cell model considers monodisperse elastic
chains where no actual crosslinker is present. This might lead
to slightly higher charge densities and thus, also to a higher salt
rejection. Regarding these fundamental deviations, the simula-
tion based on a simple PB cell model still offers a useful and
fast method to get a first approximation of the salt partitioning
to be expected.

3.4 Energy efficiency

Before the energy efficiency of the different network topologies
is discussed, it has to be considered that the specific energy
which is estimated by eqn (8) to (11) is also a function of the
applied pressure, as displayed in Fig. 13. At low pressure, the
desalination is inefficient, while the specific energy becomes
almost constant after around 20 bar depending on the sample.
Therefore, the minimum E;,s min Was used as the efficiency
criterion to compare different samples in this paper.

As discussed in the previous sections and previous
publications,""** more densely crosslinked hydrogels have a
lower solution capacity and higher mechanical moduli but a
larger salt rejection. Therefore, more energy is needed to
compress the hydrogels with an increasing DC, while less water
is recovered that has however a lower salinity. This is consid-
ered in the efficiency criterion (see eqn (10) and (11)) as both
quantities, the energy expended and the amount of removed
salt, are included. The specific energies of the various hydrogel
samples studied in this paper are displayed in Fig. 14a and b.
The highest energy efficiency was found for samples with the
lowest degree of swelling (higher cs,), as these samples provide
the best salt partitioning, as discussed in the previous section.
Thus, the salt rejection of the samples investigated is the
crucial quantity and the expended energy during compression
plays only a minor role for the desalination efficiency. In

This journal is © The Royal Society of Chemistry 2019

Fig. 14b, the specific energies Ens min are plotted as a function

of c¢ss, where the exponential function E; ;, = 2.19 + 13.93 x

CSA — 0.29
¢ {_ 0.56
the data. This fit function has the necessary condition that the
specific energy is above the theoretical limit of 1 kW h m™? at
infinitely high polymer concentrations. Furthermore, it shows that
the effect of the various network architectures having different
charge distributions has only a minor influence on the specific
energy in agreement with the salt partitioning results of the previous
section. The specific energies for the samples investigated were
estimated to be in the range of 6-18 kW h m™, where the lowest
specific energy was found for the interpenetrating network IPN-DC5-
i-DC1 (see Table 3). However, this sample performed best due to its
high csa rather than due to the specific network structure.

,min

] [kW h m~3] was empirically found to present

60 1 1 1 1 1 1
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Fig. 13 The specific energy En3, calculated by eqgn (12), is plotted as a
function of the applied pressure for 0.3, 1 and 5 mol% crosslinked PSA
hydrogels. The minimum (dashed lines) is reached within 25-50 bar and
afterwards, only minor changes are observed. The inset additionally dis-
plays the energy minimum E.,smin as a function of the degree of cross-
linking (DC).
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(a) The specific energies Ens min Of the various hydrogel samples are plotted as a function of the degree of swelling Qcq. The line of the single

networks is only a guide to the eye. The most efficient sample was found to be the interpenetrating network IPN-DC5-i-DC1, which has the highest
charge density. (b) Eqms min as a function of the sodium acrylate concentration: a higher csa leads to a higher efficiency, although more polymer is needed.
The data can be approximately described by an empirically found exponential fit function independent of the network topology.

4 Conclusion

Various poly(sodium acrylate) (PSA) hydrogels with different
network topologies such as single networks (SN), core-shell
particles (SCH) and interpenetrating double networks (IPN)
with a systematic change in their degree of crosslinking (DC)
have been synthesized.

The swelling capacity of deionized water and NaCl solutions
was studied, where the absorbency Q.q decreased with higher
salinities and more constraints in the network caused by a
higher DC, the additional surface crosslinking or the incorpora-
tion of a second network. In addition to the experimental data,
simulations based on a PB cell model were used to describe
qualitatively the same swelling behavior for differently cross-
linked SN hydrogels. In general, the simulations overestimated
Qcq, which can be ascribed to several simplifications that were
made and to the rather undefined structure of the hydrogels
synthesized via free radical polymerization. Furthermore, MD
simulations showed, in agreement with the experiments, that
the water absorbency of an IPN is much smaller at low salinities
compared to its related SN, whereas the differences between
both network types vanish at higher NaCl concentrations.

The investigation of the transverse magnetization (T,) decay
via low-field "H-NMR was successfully used to correlate the
polymer mobility with topological constraints. The distribution
of T,relaxation rates spanned typically 2-3 decades in
frequency according to differently mobile parts and could be
assigned to the network topology. The distribution shifted to
higher frequencies for more highly crosslinked samples, while
the distributions became more heterogeneous (bimodal) after
the surface crosslinking or the incorporation of a second net-
work. This method is therefore a powerful tool to confirm
synthetic steps that change the network architecture, which
are otherwise not straightforward to determine.

The salt partitioning of the different networks was investi-
gated in NaCl solutions. It was found that more salt ions are
rejected with a higher charge density of the swollen gel, while

9962 | Soft Matter, 2019, 15, 9949-9964

the distribution of charges inside the gel achieved by the
different network architectures had no significant effect. Thus,
the experimental data could be qualitatively predicted by the
ideal Donnan model. However, a quantitative agreement was
only found under the assumption of a reduced effective charge
density in between f.¢ = 25-32 mol%. These deviations could be
attributed to two different factors: (i) the effective charge
fraction along the polymer chains is reduced by counterion
condensation, which sets in above a critical charge density feric
(in the range of 0.35-0.70 mol% in the case of an idealized,
infinitely long, linear PSA) and (ii) the Donnan model fails to
describe quantitatively highly charged hydrogels, where the salt
rejection is overpredicted. Therefore, the found values of fu
from the Donnan model should be rather seen as fitting
parameters instead of the real charge fraction inside the gel,
which should be higher.

In addition to the experimental data, simulations based on
the PB model were applied to determine the salt partitioning
depending on the initial salt concentration. The simulations
were found to be sufficient to qualitatively predict the salt
partitioning. Quantitatively, the salt rejection was however
overestimated, which can be ascribed to several simplifications
that were made, e.g., the mass difference between synthesized
and simulated hydrogels due to moisture, and the assumption
of a perfect, defect-free hydrogel with a monodisperse distribu-
tion of elastic chain lengths.

Finally, the water inside the hydrogels was partially extracted
by applying an external pressure. This allows generation of
desalinated water as the salt concentration inside the hydrogel
is always lower than the initial salt concentration in which the
hydrogels were previously swollen. The specific energy of the
desalination was estimated to be in the range of 6-18 kW h m .
Samples with a lower degree of swelling, which have a higher
charge density in the swollen hydrogel, performed better,
while more material was needed. However, the distribution of
charges inside the hydrogel had only a minor influence on the

This journal is © The Royal Society of Chemistry 2019
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desalination efficiency. This can be explained as the observed
network architectures changed the charge density and the
mechanical moduli simultaneously. Thus, a higher charge
density was only achieved by introducing more constraints into
the network, which however increased the mechanical moduli
and reduced the water absorbency. A decoupling of the
mechanical strength and the charge density would solve this
dilemma, which could be realized by introducing non-elastic,
but charged dangling ends. This was previously achieved in
polyelectrolyte model systems, where physically crosslinked
hydrogels made of self-assembled PMMA-b-PSMA-b-PMMA
(ABA) triblock copolymers were mixed with AB diblock
copolymers.”” An even more effective strategy to get more
dangling ends also along the meshes could be the copolymer-
ization of SA with SA macromonomers.

Furthermore, the effect of polydisperse meshes in hydrogels
remains an open research question for theory and experiments.
From a synthetical point of view, it is still challenging to
achieve model polyelectrolyte networks with a monodisperse
pore size distribution. We synthesized previously more
defined networks by self-assembled ABA triblock copolymers.”®
However, a direct comparison with randomly crosslinked
poly(sodium methacrylate) hydrogels was found to be difficult
due to the different nature of the crosslinking points and cross-
linking functionality. In another publication, we started to
investigate the effect of polydispersity with simulations based
on the PB cell model.*® We want to emphasize that the present
paper shows that the simulations can principally explain the
experimental results. Additionally, the applied models can
address further characteristics of hydrogels, which are not
accessible by the simple Donnan model, e.g., the comparison
to other characteristics like the compression models and
pH-dependent swelling of gels.

Furthermore, we wanted to extend our studies to other
salt solutions. In the present paper, we showed how the salt
partitioning and the desalination of NaCl model solutions are
affected by changing the network topology. However, sea water
is a more complex solution and also contains multivalent
cations such as Mg>" and Ca**,”" which penetrate PSA hydro-
gels and can reduce their capacity. Therefore, our next publica-
tion will focus on the salt partitioning of multivalent ions and
how polycationic hydrogels interact with this species compared
to poly(sodium acrylate) networks.
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