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ABSTRACT: In this work, we explore the ability of utilizing
hydrogels synthesized from a temperature-sensitive polymer
and a polyelectrolyte to desalinate salt water by means of
reversible thermally induced absorption and desorption. Thus,
the influence of the macromolecular architecture on the
swelling/deswelling behavior for such hydrogels was inves-
tigated by tailor-made network structures. To this end, a series
of chemically cross-linked polymeric hydrogels were synthe-
sized via free radical-initiated copolymerization of sodium
acrylate (SA) with the thermoresponsive comonomer N-
isopropylacrylamide (NIPAAm) by realizing different structural types. In particular, two different polyNIPAAm macromonomers,
either with one acrylate function at the chain end or with additional acrylate functions as side groups were synthesized by
controlled polymerization and subsequent polymer-analogous reaction and then used as building blocks. The rheological
behaviors of hydrogels and their estimated mesh sizes are discussed. The performance of the hydrogels in terms of swelling and
deswelling in both deionized water (DI) and brackish water (2 g/L NaCl) was measured as a function of cross-linking degree and
particle size. The salt content could be reduced by 23% in one cycle by using the best performing material.

KEYWORDS: desalination, thermally responsive hydrogel, polyelectrolyte hydrogel, macromolecular architecture,
N-isopropylacrylamide, sodium acrylate

■ INTRODUCTION

It has been widely recognized that the depletion of fresh,
potable water poses one of the major challenges for our society.
Currently, the water use is growing twice as rapidly as
population, and over the next 25 years, the number of people
worldwide affected by severe water shortages is expected to
increase 4-fold if current consumption continues.1,2 In addition,
even modern economies cannot develop and thrive without
sufficient access to water and without sustainable global energy
supply. In contrast, brackish water and seawater could easily
satisfy human water needs with appropriate desalination.3

Current technology,4 which is mostly dominated by reverse
osmosis (RO) and multistage flash (MSF) evaporation, are
energy-intensive processes due to high osmotic pressure of
seawater and limited energy efficiency of conventional thermal
separation.5 Thus, developing low cost technologies or
methods for water purification and seawater desalination are
of strategic importance for meeting the current and future

needs for water. The present work relates to a method for the
desalination of nonpotable brackish water to make it useful for
human consumption by reversible thermally induced swelling
and deswelling of a special class of polymeric hydrogels.
Hydrogels are cross-linked, three-dimensional hydrophilic

polymer networks, which swell but do not dissolve when
brought into contact with water.6 In particular, a cross-linked
polyelectrolyte is able to entrap large volumes of water because
of the osmotic pressure difference between the interior of the
hydrogel and the surrounding solution.7,8 Polyelectrolyte
hydrogel based on a weakly cross-linked poly(acrylic acid)/
poly(sodium acrylate) copolymer with polymer volume
fractions between 0.03 and 0.3 exhibit swelling pressure in
the range of 0.20−4.23 MPa.9 Such hydrogels with higher

Received: October 6, 2014
Accepted: June 19, 2015
Published: June 19, 2015

Research Article

www.acsami.org

© 2015 American Chemical Society 15696 DOI: 10.1021/acsami.5b03878
ACS Appl. Mater. Interfaces 2015, 7, 15696−15706

www.acsami.org
http://dx.doi.org/10.1021/acsami.5b03878


polymer fraction in contact with seawater (typical salt
concentration: 35 g/L) will take up preferably salt depleted
water since the osmotic pressure of seawater is 2.34 MPa at 25
°C. According to this fact, Wilhelm et al. have recently
developed a new approach for the desalination of seawater by
free swelling and mechanical deswelling polyacrylic hydrogels
and as a result of their principle the salt content could be
reduced by 35% in one cycle for a 10 g/L NaCl feed solution.10

One of the most remarkable areas that have attracted much
attention in the field of hydrogel science is their stimulus
sensitivity. Hydrogels composed of stimuli-responsive poly-
mers, which are also known as “smart” or “intelligent”

hydrogels, undergo abrupt reversible changes in volume or
shape upon application of external stimuli,11,12 such as
temperature, pH, ionic strength, specific ions or molecules,
electric field, magnetic field, and light. Among them, temper-
ature-responsive hydrogels are most commonly used due to the
facile tuning of their properties. Particularly, poly(N-isopropy-
lacrylamide) (polyNIPAAm) is a typical thermosensitive
polymeric material that demonstrates a transition temperature
or lower critical solution temperature (LCST) at around 32 °C
in aqueous solution.13,14 Thus, hydrogels composed of
polyNIPAAm undergo reversibly phase separation as the
external temperature cycles around the LCST. The thermo-

Figure 1. Schematic representation of the envisioned four steps of the desalination process: (1) swelling of the hydrogel in an excess of salt water,
(2) removal of the excess solution, (3) dewatering of the hydrogel by means of thermal energy source, and (4) acquisition of salt depleted water and
hydrogel recycling.

Scheme 1. Synthesis of Polymeric Hydrogel Entities Using Polyelectrolyte and Different Types of a Thermoresponsive
Comonomer As Indicated in the Suggested Network Structures
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reversible property of phase separation has a variety of
applications in many fields, including solute extraction and
separation, controlled drug delivery, actuators, sensors, and
enzyme immobilization.15,16 By combination of the two types
of hydrogels mentioned above, it might be possible to reduce
the salinity of water such as brackish water as illustrated
schematically in Figure 1.
Actually, several expired patents that are related to a similar

desalination process have been reported using poly(vinyl
alcohol) acetate and ethoxylated cellulose resins,17 cross-linked
polyurethanes,18 a polymer from N-vinyl-2-ethyl imidazole
cross-linked with α,α′-dibromo-p-xylene,19 phosphorus con-
taining polyolefins,20 acrylate/acrylic acid copolymer,21 and
polyurethanes wherein the polyol is a triblock copolymer
(Pluronics).22 The release of water for all these types of
absorbents has been achieved by heating up the water and the
immersed absorbent. In a similar manner Wang et al. have
recently demonstrated the utilization of stimuli-responsive
polymer hydrogels as a draw agent for forward osmosis
desalination and solar dewatering by simple exposure to
simulated sunlight.23 Furthermore, they have also shown that
the swelling property of these hydrogels and the water recovery
rate can be dramatically increased via the incorporation of
hydrophilic carbon particles or reduced graphene oxide
(rGO).24,25 The same group has recently demonstrated the
utility of composite hydrogel in the presence of magnetic
nanoparticles to enhance the liquid water recovery (to 53%)
under magnetically induced heating.26 Nevertheless, the
efficiency of this technology is still far away from application.
In order to achieve high efficiency for such desalination process,
hydrogels should be designed to meet the following require-
ments: (i) high salt expelling ability (high osmotic pressure),
(ii) excellent water uptake, (iii) fast thermoresponsivity for the
absorption−desorption operating system, (iv) hydrogel recy-
cling ability at low energy cost.
In this paper, we will discuss the effect of the macromolecular

architecture on the swelling/deswelling behavior of stimuli-
responsive hydrogels in salt solution by tailoring the gel
architecture at the molecular level. Thus, a series of chemically
cross-linked polymeric hydrogels was synthesized via free
radical-initiated copolymerization of sodium acrylate (SA) with
various structural types of the thermoresponsive comonomer
N-isopropylacrylamide (NIPAAm) as depicted in Scheme 1. To
this end, we first synthesized alcohol-terminated polyNIPAAm
and poly(N-isopropylacrylamide-co-allyl alcohol) random co-
polymer (poly(NIPAAm-co-AAL)). Thereafter, a polymerizable
acrylate group was introduced into the polymers via a

condensation reaction to obtain polyNIPAAm (P1) as
macromonomer and poly(N-isopropylacrylamide-co-allyl acryl-
ate) (poly(NIPAAm-co-AA)) (P2) as macromonomer and
cross-linking agent at the same time. Introducing a comb-type
polyNIPAAm grafted chain to the gel network is advantageous
to their ability to exhibit a rapid response in terms of
dewatering. In previous works, other groups have shown that
the freely mobile polyNIPAAm grafted chains readily caused
hydrophobic aggregation and subsequently triggered dehydra-
tion of the whole network.27−29

■ EXPERIMENTAL SECTION
Materials. N-Isopropylacrylamide (NIPAAm, 99%, Sigma-Aldrich)

was purified by recrystallization in hexane and dried in vacuo. 2,2′-
Azobis(isobutyronitrile) (AIBN, 98%, Sigma-Aldrich) was recrystal-
lized from ethanol twice before use. Sodium acrylate (SA) (99%),
N,N′-methylenbis(acrylamide) (MBAm) (99%), 2-hydroxyethanethiol
(HESH) (99%), N,N,N′,N′-tetramethylethylenediamine (TEMED)
(99.5%), allyl alcohol (AAL) (99%), and acryloyl chloride (AC) (97%)
were all purchased from Sigma-Aldrich and used as received.
Ammonium persulfate (APS) (99.5%), sodium chloride (99.5%),
and potassium chloride (99%) were all obtained from Acros Organics,
Geel, Belgium. The solvents such as tetrahydrofuran (THF),
chloroform, acetone, and diethyl ether were obtained from commercial
sources. Before use, THF was purified using aluminum oxide 90 basic.
The water used throughout this study was deionized water from a
Milli-Q system (Millipore).

Synthesis of polyNIPAAm Macromonomer (P1). The poly-
NIPAAm macromonomer was prepared as follows: First, a semite-
lechelic polyNIPAAm with a terminal hydroxyl end group
polyNIPAAm−OH was synthesized by radical telomerization of the
NIPAAm monomer utilizing HESH as a chain transfer agent.
Typically, NIPAAm (5.65 g, 50 mmol), HESH (0.316 g, 4 mmol),
and AIBN (0.084 g, 0.5 mmol) as an initiator were charged to a three-
necked flask with a magnetic stirrer and dissolved in THF (20 mL).
The monomer solution was degassed by a freeze−thaw cycle and
sealed in vacuum. Polymerization was carried out for 15 h at 70 °C
under nitrogen atmosphere. After concentrating the reactant by THF
evaporation, the reactant was poured into diethyl ether to precipitate
polyNIPAAm−OH. PolyNIPAAm−OH was collected by filtration and
purified by repeated precipitation in diethyl ether from acetone. The
polymer was isolated by freeze-drying from aqueous solution. For the
second step, the purified polyNIPAAm−OH was dissolved in
chloroform and acryloyl chloride (excess) was instilled. The reaction
mixture was stirred at 40 °C for 2 h under a nitrogen atmosphere. The
purification process for polyNIPAAm macromonomer followed the
same process as for polyNIPAAm−OH.

Synthesis of Poly(NIPAAm-co-AA) Macromonomer (P2).
Poly(NIPAAm-co-AA) cross-linker macromonomer was prepared
according to the same procedure described above for polyNIPAAm

Table 1. Feed Composition and Monomer Conversions for the Hydrogels Used within This Study

feed composition (wt %)

sample code SA NIPAAm P1 P2 MBAma conversionb (wt %)

PNIPAAm PNIPAAm gel 100 7 98
PSA-co-P1 (DC07) Gel 1 50 0 50 7 94
PSA-co-PNIPAAm (DC03) Gel 2a 50 50 2 96
PSA-co-PNIPAAm (DC05) Gel 2b 50 50 5 97
PSA-co-PNIPAAm (DC07) Gel 2c 50 50 7 97
PSA-co-PNIPAAm-co-P1 (DC07) Gel 3 50 25 25 7 96
PSA-co-P2 (DC04) Gel 4a 50 50 98
PSA-co-P2 (DC07) Gel 4b 50 50 2 97
PSA-co-P2 (DC09) Gel 4c 50 50 5 98
PSA-co-P2 (DC011) Gel 4d 50 50 7 97

aRelative to total monomer concentration. bWeight percent of synthesized dry hydrogel to the monomers.
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macromonomer (P1) using 10 wt % AAL as a comonomer with
respect to NIPAAm monomer.
Synthesis of Hydrogels. To synthesize the hydrogels depicted in

Scheme 1, we dissolved 10 wt % monomers solution of sodium
acrylate (SA), thermosensitive comonomer or macromonomer, and
MBAm as cross-linker in 10 mL of water in a glass vial (25 mm in
diameter). The monomers solution was stirred and nitrogen gas was
bubbled under cooling (4 °C) over a period of 20 min to remove
residual oxygen. Afterward, 8 mg of APS (0.5 wt % with respect to
monomers) as an initiator and 42 μL of TEMED (mass ratio of
TEMED to APS; 4:1) as an accelerator were added, respectively. The
reaction mixture was immediately poured into a double-jacketed glass
vessel (70 mm in diameter). The vessel was sealed, and the radical
polymerization was carried out for 24 h at 15 °C under nitrogen
atmosphere. The obtained hydrogels were cut into discs (13 mm in
diameter and 3 mm in thickness), immersed in distilled water at room
temperature with water being daily refreshed to remove unreacted
materials and allowing equilibrium swelling. The polyNIPAAm
hydrogel (PNIPAAm gel) was also prepared and purified by the
same method. A comprehensive account on the samples used and their
respective composition as well as the degree of monomer conversion is
given in Table 1.
Characterization and Measurements. Scanning Electron

Microscopy (SEM). SEM images of dried hydrogels were recorded
with a SEM S-3400 N II of Hitachi High-Technologies Europe GmbH.
The hydrogel disks were first immersed in deionized water at room
temperature (∼23 °C) up to swelling at equilibrium and subsequently
frozen at −196 °C by dipping in liquid nitrogen. The frozen samples
were fractured and freeze-dried at −50 °C for 24 h using the Christ
Alpha 1−4 freeze-dryer.
Nuclear Magnetic Resonance Spectroscopy (NMR). 1H NMR

spectra of macromonomers (P1 and P2) and its precursors were
recorded on a Bruker DMX-300 instrument at 300 MHz using
deuterated water as solvent.
Fourier-Transform Infrared Spectroscopy (FTIR). FTIR spectra in

the attenuated total reflectance (ATR) mode of the macromonomers
and hydrogels were recorded using a Varian 3100 spectrometer over a
wide range of 600−4000 cm−1 at an average of 32 scans with a
resolution of ±4.0 cm−1.
Gel Permeation Chromatography (GPC). The weight and the

number-average molecular weights (Mw and Mn) of the prepared
macromonomers P1 and P2 were determined by gel permeation
chromatography apparatus (GPC, Jasco PU-2080) using a PSS Gram
linear column coupled with an ETA-2020 RI detector at 23 °C. The
eluent was (DMF + 0.01 M LiBr) at a flow rate of 1.0 mL/min.
Calibration was carried out with PMMA150811−5 standards.
Differential Scanning Calorimetry (DSC). The water content

estimations and the study of LSCT behavior of hydrogels were
performed using differential scanning calorimetry (DSC) instrument
(Netzsch 204) from −40 to 80 °C. The hydrogels were allowed to
reach the equilibrium in deionized water at room temperature before
the DSC measurements. Each hydrogel sample (∼5 mg) was placed
into a hermetically sealed aluminum pan and cooled to −40 °C using
liquid nitrogen. The temperature was held at this temperature for 5
min to erase the thermal history and then heated at the heating rate of
3 °C/min under nitrogen atmosphere.
Swelling Ratio and Kinetics of Swelling. The swelling ratio (SReq)

and equilibrium water content (EWC%) of polymer hydrogels were
defined as follows

=
−W W
W

SReq
s d

d (1)

=
−⎛

⎝⎜
⎞
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W W
W

EWC% 100s d

s (2)

where Ws is the weight of the swollen hydrogels at room temperature
after removing the excess surface water with a moistened filter paper
and Wd is the weight of the materials dried at ambient conditions. The
equilibrium values of swelling were taken after 24 h in salt solutions of

2 g/L NaCl and in deionized water (DI). In order to obtain a
quantitative estimation of the swelling kinetics for the hydrogels, the
weight changes of gels after immersion in deionized water were
recorded at regular time intervals after water was wiped from the gels
using filter paper. Water uptake (WU%) at regular time intervals was
defined as follows

=
−
−

⎛
⎝⎜

⎞
⎠⎟

W W
W W

WU% 100t d

s d (3)

where Wt is the weight of the gel at each particular time.
Determination of Water Recovery and Salt Rejection. The

dewatering experiments were carried out at 50 °C for 5 min. The
amount of water released was determined by taking the weight
difference of the hydrogels before and after the dewatering test. Water
recovery rate was derived from the weight of released water and the
initial water content of the swollen hydrogels as follows

=
−

⎛
⎝⎜

⎞
⎠⎟

W
W W

water recovery (%) 100R

s d (4)

where WR is the weight of water released in the dewatering test.
The salt rejection was obtained by measuring the potassium

concentrations of the water recovered from the hydrogels using
JENCO 6230 m equipped with potassium microelectrode ISM-146 K
(Lazar Research Laboratories, California, U.S.A.). The potassium
concentrations were also determined by ion chromatography
(Metrohm 833 Basic IC plus) using silica gel with carboxyl groups
column (particle size 5 μm) at 25 °C. The eluent was (1.7 mmol/L
nitric acid +0.7 mmol/L dipicolinic acid) at a flow rate of 0.9 mL/min.
The chromatograph was calibrated with standard solution of Na+ and
K+. Salt rejection was determined as follows

= −
⎛
⎝⎜

⎞
⎠⎟

C
C

salt rejection (%) 1 100R

0 (5)

where CR and C0 are the potassium concentrations of the water
recovered from the hydrogels and that of the feed solution (2 g/L
KCl), respectively.

Rheological Measurement. To investigate the mechanical proper-
ties of the fully swollen hydrogels in deionized water, frequency sweep
experiments were carried out using a rheometer model MCR-300
(Anton Paar, Graz, Austria). During all measurements, a solvent trap
was used to minimize evaporation. The experiments were performed
in the range of ω = 0.1−100 rad/s at 20 °C with a normal force (FN)
of 3 N (within a linear range; the moduli are independent of the
magnitude of imposed force) and a fixed strain of 1% using a 15 mm
diameter TruGap plate corrected with a “true gap” function of the
instrument.

Mesh Size Calculation of Hydrogels. Based on the rheological data
and the theory of rubber elasticity,30 the mesh size of the bulk
hydrogels was estimated from the storage modulus at infinitesimal
deformations. Classical theory of rubber elasticity suggests the
following relationship

′ =G n RTcl (6)

where G′ is the plateau value of the storage modulus measured with
frequency sweep experiment, ncl is the number density of elastically
effective cross-linking points (mol/m3), R is ideal gas constant, T is the
measuring temperature. Thus, at a given temperature an increase in the
steady-state value of the storage modulus is related to a proportional
increase in the number of network junctions. The elastic term obtained
from rheological measurement is associated with the mesh size of the
network from the following equation31

ξ= = =
′

⎛
⎝⎜

⎞
⎠⎟

⎛
⎝⎜

⎞
⎠⎟L

n N
RT

G N
1

cl A

1/3

A

1/3

(7)

where NA is Avogadro’s constant, assuming that the clusters are evenly
dispersed and that each one is positioned in the center of a cubic-
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shaped volume element. Thus, the length L of a side of the cubic
element can be obtained since all cubic elements combine to span the
total gel volume and the total number of junctions can be deduced
from eq 7 (the half length L/2 is the gel pore radius).

■ RESULTS AND DISCUSSION
Synthesis of the Thermosensitive Macromonomers.

Two types of thermosensitive macromonomers, polyNIPAAm
(P1) and poly(NIPAAm-co-AA) (P2), were prepared by radical
telomerization of NIPAAm monomer and allyl alcohol (as a
comonomer for P2) using HESH as a chain transfer agent
followed by esterification of the hydroxyl groups. The synthesis
procedure is illustrated in Scheme S1 in the Supporting
Information. The resulting macromonomers were characterized
by GPC and 1H NMR (Table 2). Peaks of vinyl proton at 5.8−
6.4 ppm were detected, indicating that polymerizable end group
was introduced into the hydroxyl semitelechelic polymers (see
Figure S1a, b in the Supporting Information). The Mn of the
macromonomers was also determined by 1H NMR from the
relative integration of the methine protons of polyNIPAAm
units (3.9 ppm) and the methylene proton at the end of the
polyNIPAAm chains. As a result of the incorporation of the
acrylate group to P2 macromonomer, the latter can act as a
monomer and cross-linker. Therefore, the monomer ratio in
the copolymer (P2) was calculated in order to estimate the
cross-linker density for the hydrogels prepared using this
macromonomer.
Preparation of the Hydrogels. It was one aim of this

work to vary macromolecular architectures that have influence
on the properties of thermoresponsive hydrogels. Thus,
different types of polymer hydrogels were synthesized by free
radical copolymerization arising from SA and three different
thermally responsive components as illustrated in Scheme 1.
Here, a total monomer concentration of 10 wt % was used with
different cross-linker concentration in order to obtain materials
with sufficient mechanical strength for the intended further

characterizations. The polymerization had been performed
using redox initiation at 15 °C; hence, a thermally induced
microphase separation, which would affect the hydrogel
structures, was considered less probable. The thermosensitive
polymer was incorporated to gel 1 and gel 3 as a graft chain to
form the comb-type grafted hydrogels. The backbone network
of gel 1 was made up of SA and P1, while that of gel 3 was
made up of SA, NIPAAm, and P1 components. Within these
gels, the grafted chains had freely mobile ends, distinct from the
typical network structure (gel 2 and reference PNIPAAm gel)
in which both ends of chains are cross-linked and relatively
immobile. It should be noted that we were not able to obtain
stable gel with degree of cross-linking lower than 7 wt % for gel
1. In addition to the freely mobile ends, P2 macromonomer
also provide active sites for the formation of cross-linking
points to build the network. The total percentage of cross-
linker used in gel 4a was calculated to be around 4 wt %, related
to total monomer. The main idea for the utilization of such
macromonomer was to build a two-level structure within the
gel where the thermoresponsive moiety is not fragmented and
at the same time is covalently connected with the
polyelectrolyte, which may cause efficient mechanical forces
during the volume phase transition. However, all gels were
typically transparent associated with the homogeneity of the
hydrogels network except for gel 4d, which was slightly turbid.
This latter observation may be rationalized by the formation of
cross-linker aggregates, due to the highly cross-linked hydrogel
system, leading to rather compact clusters connected with
shorter polymer chains, which may cause microphase
separation during cross-linking copolymerization.32,33 The
polymer hydrogels were subjected to FTIR (see Figures S2a
and S2b in the Supporting Information). It is noted that the
infrared spectra of gels cannot be taken as the superposition of
the FTIR spectra of the PNIPAAm and PSA gels. The presence
of NIPAAm and SA units in the hydrogels are characterized as

Table 2. Preparation and Analysis of the Macromonomers Used within This Study

polymer ID NIPAAm (g) AAL (g) HESH (g) AIBN (g) [S]/ [M]a Conv.b (wt %) [AA]c (mol %) Mn, NMR (g/mol) Mn, GPC (g/mol) Đ

P1 5.65 0.316 0.084 0.055 87.3 4300 3500 1.86
P2 5.84 0.584 0.312 0.095 0.049 84.5 8 6120 5090 2.61

a[S], [M] are the concentrations of chain transfer agent and monomers, respectively. bWeight of synthesized dry polymers relative to the weight of
monomers. cThe allyl acrylate ratio in the copolymer.

Figure 2. SEM images of the freeze-dried hydrogels with scale bars of 25 μm.
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follows: broad bands in the range of 3100−3600 cm−1 due to
the N−H stretching of amide groups, and two absorbance
bands at 1643 and ∼1548 cm−1 attributed to the secondary
amide CO stretching (aka amide I and II bonds,
respectively). The stretching vibration of CO bonds of
carboxylate groups for PSA at 1700 cm−1 shifted to higher
frequency (1720 cm−1). A C−N stretching band appears at
∼1450 cm−1, confirming the presence of amide groups.
Morphology of the Hydrogels. SEM studies were carried

out to reveal the morphology of the swollen freeze-dried
hydrogel materials as shown in Figure 2. The micrographs show
that gels exhibit a honeycomb-like structure with dense cell
walls. The morphology observed, which is typical for
conventional hydrogels, is not the mesh of hydrogels at their
molecular level, but rather compact aggregates of the polymer
chains. According to the freeze-drying process, these macro-
pores result from the ice crystals formed within the network as
a template for pore generation upon immersing the samples
into liquid nitrogen.34,35 Nevertheless, the hydrogels revealed
pronounced morphological differences. The PNIPAAm gel
shows smaller pore size compared to others due to
incorporation of the ionic SA, which increases the water
content of hydrogels. It can also be seen that the hydrogel with
lower cross-linker density (gel 4a) shows much larger internal
pores, and hence smaller number of pores per unit area,
compared with that of higher cross-linking density (gel 4d).
Large pores have been also found for gel 1, which contains graft
chains without polymerizable functional groups. The small
aggregates shown in gel 2c either indicate the formation of
polyNIPAAm-rich domains, or may have been formed during
the fracture of the frozen sample.
Swelling Properties. The water absorption of polymer

hydrogels largely depends on their swelling pressure (osmotic
pressure), which is the key driving force in the swelling process.
According to Flory−Rehner theory,36 the osmotic pressure
within the gel is related to three major interactions: the
polymer−solvent interaction πmix, the entropy-elastic forces of
the network πel, and the contribution of the charges πion. These
contributions can be expressed as a sum in the following
equation.

π π π π= + +mix el ion (8)

Therefore, it is well-known that the incorporation of ionic
component into hydrogel increases the equilibrium-swelling
ratio (SReq); the results are shown in Figure 3 (top). Because
all hydrogels (gel 1−4) contain the same amount of SA, the
contribution of the charges to the osmotic pressure within all
gels was estimated to be approximately constant. Thus, for
particles of identical form and size, the difference in swelling
ratios and the rates of water uptake should be regarded to the
other contributions, which are correlated with the macro-
molecular architecture of the hydrogel and their composition
(e.g., the degree of cross-linking). At a fixed DC, gel 4 displays
the highest swelling capacity in both brine and DI indicating a
looser network in the hydrogel, which can incorporate more
solution. The formation of looser network can be attributed to
the long spacer length between the double bond side groups
(length of cross-link chain) that incorporated into P2 compared
to MBAm cross-linking agent.37 Moreover, the inherent mobile
nature of the free end polyNIPAAm chains plays an important
role on the swelling properties. This effect can be clearly seen
for the comb-type gels 1 and 3 in DI (Figure 3, on top), where
SReq are greater than that of gel 2. On the other hand, the

equilibrium-swelling ratio at different DC values was also
investigated for gel 2 and 4 in both brine and DI. Expectedly,
SReq decreases on increasing the cross-linkage, which is well-
known from the literature.38 For the measurement in brine a
function of SReq = a log(DC) + b was found to present the data
well, with approximately equal slope values of −12.9 for both
hydrogel series (Figure 3, below). This indicates that the
contribution of charges in the osmotic pressure is the same
resulting in equal salt depletion.
The dynamic of swelling process have been also determined

for a few hydrogel samples by measuring the water uptake
(WU) at different times. The results are shown in Figure 4 and
the kinetic was found to be varying with the type of hydrogels.
However, to extract the rate constants of the water absorption,
a sigmoid function was fitted to the data.

Figure 3. Equilibrium swelling ratios (SReq) of the hydrogels in
deionized water (DI) (top) and in salt solution (2 g/L NaCl) (below)
as a function of the cross-linking degree (DC) at room temperature
(∼23 °C).

Figure 4. Plots of water uptake as a function of swelling time in
deionized water (DI) at room temperature (∼23 °C). The sample
form and size were constant for all samples (cylinder, 5 mm in
diameter and 2 mm in thickness).
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where WU(t), WU0, and WUmax are the percentage of water
uptake at time t, ground, and maximum, respectively. thalf is the
first derivative maximum of the function or the inflection point,
and τ is the rate constant of the water uptake described by the
slope of curve. The rate constants were determined to be 6, 13,
15, 35, and 89 min for gel 4d, 1, 4a, 3, and 2, respectively. This
can be attributed to the fact that the distance between the pores
in gel 4d is smaller, and then water molecules can diffuse in
faster compared to gel 4a. The mobility of the grafted chains in
gel 1 and 4, in addition to the flexibility of the cross-linking
chains for gel 4, also allowed them to be structurally separated
from the backbone of the cross-linked network, permitting fast
hydration compared to gel 2 and 3.
Rheological Investigation and Network Structure. The

mechanical properties of the fully swollen hydrogels in
deionized water were characterized by recording the influence
of frequency on elastic modulus (G′) and loss modulus (G″)
(Figure 3S in the Supporting Information). All gels exhibit a
plateau or frequency independent response of storage modulus
in the range from 0.1 to 100 rad/s, which reveals that this gel
had indeed soft rubbery-like behavior (ideal gel). A notable
exception is gel 4a (gel without MBAm cross-linker) that
presented gradual rise in G′ not only because of the free chain
ends and the flexibility of the cross-linking chains but also
because of the low cross-linker density of the network.
However, the modulus in the rubbery range is related to the
change in entropy. Therefore, the change in stiffness or
toughness of the network can be correlated with the cross-
linker density of gels. Figure 5 shows that, there is indeed a

linear increase of G′ with DC for gel 4. More cross-links
introduce shorter polymer chain segments that exert a higher
elastic force. As we stated in the swelling properties presented
above, gels with fixed DC and different macromolecular
architecture led to different SReq. In this context, a correlation
between storage modulus and swelling ratio at equilibrium was
well investigated as shown in Figure 6. Gels with more water
per unit volume exhibit a reduction of the elastic modulus. An
increase in the viscous part for gel 4b, which shows the highest
swelling ratio, was also observed.

To describe the microstructure of hydrogels, their mesh
length was estimated from rheological data using eq 7 and the
obtained values were correlated with SReq data. A linear
relationship as shown in Figure 7 was obtained.

The state of absorbed water could also provide valuable
information about the porosity inside the hydrogels and thus
the major swelling/deswelling mechanism. According to the
thermodynamic properties, any swollen hydrogel contains three
different states of water in its network:39 (1) freezable free
water, which exists without any hydrogen bonding with the
polymer chains and behaves similarly with pure water as far as
freezing and melting is concerned; (2) freezable bound water,
which exhibits weak interactions with polymeric chains within
the network of hydrogels and freezes/melts at temperature
shifted with respect to that of free water; and (3) nonfreezable
bound water, which binds to polymer chains through hydrogen
bounding and does not show any endothermic peak within the
normal temperature range associated with pure water. DSC
thermograms of the fully swollen hydrogels in DI (Figure 8a)
display that the melting of water in all samples starts at
temperature lower than that of pure water (dashed line).
Generally, for all studied gels the endothermic peaks are broad
and structured. For some samples, two well-defined submaxima
can be observed, demonstrating the existence of two types of
freezable water as we discussed above.

Figure 5. Storage modulus (G′) and loss tangent (tan δ) as a function
of cross-linking degree (DC) for gel 4.

Figure 6. Storage modulus (G′) and loss tangent (tan δ) as a function
of the equilibrium-swelling ratio of gels at a fixed cross-linking degree
(DC) of 7 wt %.

Figure 7. Correlation of the mesh sizes estimated from rheological
data with the swelling ratio at equilibrium of hydrogels in deionized
water (DI).

ACS Applied Materials & Interfaces Research Article

DOI: 10.1021/acsami.5b03878
ACS Appl. Mater. Interfaces 2015, 7, 15696−15706

15702

http://dx.doi.org/10.1021/acsami.5b03878


The presence of nonfreezable water can be estimated by
following a standard procedure described by Mansor and
Malcolm.40 The amount of unbound water was calculated with
the assumption that the heat of fusion of unbound water in the
hydrogel was the same as that for ice applying the following
equation

= − + = − ×
⎛
⎝
⎜⎜

⎞
⎠
⎟⎟W W W W W

Q

Q
(%) ( ) 100b c f fb c

endo
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(10)

where Wc, Wb, Wf, and Wfb are the equilibrium water content
(%) (EWC), the amount of nonfreezable bound water (%), the
amount of freezable free water (%), and the amount of
freezable bound water (%), respectively, whereas Qendo is
defined as the heat of fusion of freezable water (freezable free
water and freezable bound water) within the hydrogels and
Qpure is the heat of fusion of ice (340.1 J/g).
The influence of the cross-linking degree of gel 4 on

nonfreezable water content was investigated as shown in Figure
8b. The amount of nonfreezable water is decreasing with
increasing the number of cross-links and this is to be expected.
In contrast, the amount of nonfreezable water is increasing as
the SReq increase at a fixed DC for gels with different
macromolecular architecture as shown in Figure 8c.
Dewatering Study and Salt Rejection. The dewatering

process (see Figure 9) was achieved in this study via thermal
heating, yielding release of water. The percentage of water
recovery for swollen polymer hydrogels after 60 min
dewatering process for both bulk and powder gels (Figure
10c) were determined under relatively low temperature

conditions (50 °C) using eq 4. First, we confirm the principle
of the desalination idea by examining the water release from the
swollen PNIPAAm gel at the same condition. It exhibits a water
recovery of around 70% (data not shown, see Figure 9 on top),
and this value is comparable to that reported by other work
groups.23,41

Figure 11a, c shows the percentage of water recovery of the
swollen bulk gels (on top) and powder gels (down) after
equilibrium loading in brine solutions of 2 g/L NaCl. It should
be noted that the values of swelling at equilibrium using gel as
powder were higher than that of bulk gel. The bulk gels as well
as the powder gels display low thermally responsive water
recovery with percentage recoveries being less than 10% even
with ultrapure water (see Figure S4 in the Supporting
Information). The influence of cross-linking degree on the
water recovery was also investigated for gel 2 and 4 (Figure
11b, d). The water recovery is slightly increasing as the DC
increases for both bulk and powder gels. It was observed, that
the majority of the water loss for the bulk gels was in the vapor
state (because the weight difference of the hydrogels before and
after the dewatering process was lower than the weight of
recovered water). For further support, the loss of water in the
vapor state was also tested using a plug (made of tea bag) and
filled with superabsorber (Figure 10b). The recovered water in
the form of vapor was thus calculated from the weight
difference of the plug before and after 60 min dewatering
process and was found to be in the range of 20−30% (see
Figure S5 in the Supporting Information). This indicates that
the release-associated mechanism is not completely related to
stimulus-induced mechanical dewatering as aimed at in the
introduction.

Figure 8. (a) DSC thermograms for the studied hydrogels, and (b, c) the estimated nonfreezable and freezable water content as a function of (b)
cross-linking degree (DC) and (c) swelling ratio at equilibrium at a fixed (DC) of 7 wt %.
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In this context, the hydrogel was also subjected to differential
scanning calorimetry (DSC), in order to explore the phase
transition behavior. Unlike PNIPAAm gel, none of the gels did
display endothermic peak representing the phase transition
(LCST) in the range between 25 and 80 °C, although the
transparent gel 1 became opaque just after the temperature
increase above the LCST of polyNIPAAm indicating formation
of a heterogeneous structure. It seems that only the comb-like

grafted polyNIPAAm (P1) chains caused a cloud point, while
the cross-linked SA network remained unchanged. On the
other hand, the low percentage of water recovery for gel 2 as
well as gel 3 is related to the division of the polyNIPAAm
network into multiple short segments and thus the hydro-
phobic aggregation force decreased during the dewatering or
shrinking course. It was reported that the LCST will increase
dramatically and even disappears once many SA segments were
randomly introduced to the hydrogel (SA unit fraction is higher
than 1.3 wt %).42 Therefore, gel 2 and 3 kept their transparency
during the dewatering due to the small size of hydrophobic
aggregates compared with the wavelength of visible light. To
avoid the fragmentation of the linear polyNIPAAm chains, we
designed gels 4, which may show, in our opinion, more driving
force to squeeze the water out of the hydrogel. Unfortunately,
the water recovery was not as we expected, although gel 4
showed novel behavior related to kinetics study of swelling. The
lack of the thermally induced dewatering mechanism may be
rationalized by the following hypothetical reasons: (1) strong
molecular interaction between water and polymer chains
(hydrogen bonds); (2) slow dehydration, which is related to
the balance of forces attributing to the hydrophobicity and
hydrophilicity, resulting in weak hydrophobic aggregation of
the entire hydrogels. However, less carboxylate content will
definitely increase the overall driving force for such a process,
resulting in higher water recovery rate, but in contrast the
swelling capacity and the possibility of salt depletion will be also
reduced.
The salt rejection was determined for a few hydrogel samples

by measuring the ion concentrations of the water released after
dewatering at 50 °C and in feed solution using potassium
microelectrode. For this purpose we used a salt solution of 2 g/
L KCl to prevent any interference with sodium ions located
within the gels. Identical swelling ratios and water recovery
rates were observed for the hydrogels upon using brine of KCl
solutions. For verification, comparison was also made with the
salt rejection measured by ion chromatography as shown in
Figure 12. The data obtained from IC show a slightly higher
salt rejection for gel 1, 3, and 4d as compared with the other
method, which might be due to the interference from the
sodium ions. Nevertheless, gel 1 shows the highest salt rejection
of 23% in one cycle, while the salt rejection for gel 2 was the
lowest. We attribute this to the graft structure of gel 1, which
maintains the large content of ions in the hydrogel backbone.
No major difference in the salt rejection between the bulk and
the powder gels were found.

■ CONCLUSION
In the present study, materials for an alternative method for the
desalination of brackish water by swelling and thermal
deswelling hydrogels are presented. We have successfully
prepared a series of polymeric networks varying the structural
type of the thermoresponsive comonomer based on NIPAAm
using free radical copolymerization technique. Unlike the
dewatering behavior, the swelling kinetic was found to be
strongly dependent on the macromolecular architecture of the
hydrogels and their composition. The rheological behavior of
hydrogels and the DSC measurements also supported this
effect. Preferable samples are powders with a high DC. Gel 1
displayed the maximum amount of recovered water (∼10%)
using 2 g/L salt solution as a feed, from which salt
concentration could be reduced by ∼23% in one cycle.
Today, all developments in desalination technologies are

Figure 9. Photographs represent the steps of the desalination process
using powder gels, where (a) is the gel in dry state, (b) swelling of the
gels in an excess salt water, (c) removal of the excess solution, (d)
dewatering of the gels by thermal heating for 60 min at 50 °C, (e)
collection of the recovered water.

Figure 10. Photograph of the test used to determine the water loss via
the vapor phase. (a) Gel from bulk samples (d), gel from powder
samples. (b) Plug prepared to adsorb the water from the vapor phase
and (c) images of the thermoresponsive gels used in (a) and (d).
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aimed at reducing energy consumption and cost, in addition to

minimize environmental impacts. Available evidence indicates

that significant amounts of brackish water exist as aquifers,

which is used even without treatment, especially in the poor

communities. Therefore, it is believed that this work holds

promise for desalting brackish water with more optimized

hydrogel structures to follow. Subsequent work will focus on

the improvement of the water recovery rate by introducing the

ionic moieties as pendent chains in the polyNIPAAm network

to keep the strong hydrophobic backbone aggregation using

another polymerization technique.
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