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Abstract: In this study, we propose a new approach to attain energy by salinity gradient engines with
pistons based on hydrogels possessing polyelectrolyte and antipolyelectrolyte effects in a tandem
arrangement, providing energy in each salinity gradient mode in a repeatable manner. The swelling
of hydrogel with a polyelectrolyte effect and shrinking of hydrogel particles possessing an antipoly-
electrolyte effect in desalinated water, and subsequent shrinking of hydrogel with polyelectrolyte
and swelling of hydrogel antipolyelectrolyte effect in saline water, generate power in both increasing
and decreasing salinity modes. To investigate the energy recovery, we scrutinized osmotic engine
assemblies by a setup arrangement of pistons with hydrogel particles, with polyelectrolyte and
antipolyelectrolyte effects, in tandem. The energy recovery from the tandem engine setup (calculated
based on dry form for each polyelectrolyte polyacrylate-based hydrogel-SPA) and antipolyelectrolyte—
sulfobetaine-based gel with methacrylate polymeric backbone-SBE) up to 581 ] kg~! and a mean
power of 0.16 W kg ! was obtained by the tandem setup of SPA and SBE hydrogel containing 3%
crosslinking density and particle size of 500 microns with an external load of 3.0 kPa. Exchange of
sulfobetaine with methacrylamide (SBAm), the main polymer backbone, revealed a positive increase
in energy recovery of 670 ] kg~! with a mean power of 0.19 W kg~! for the tandem system operating
under the same parameters (SPA@SBAm). The energy recovery can be controlled, modulated and
tuned by selecting both hydrogels with antipolyelectrolyte and polyelectrolyte effects and their
performing parameters. This proof of concept provides blue energy harvesting by contributing
both polyelectrolyte and antipolyelectrolyte effects in a single tandem setup; together with easy
accessibility (diaper-based materials (SPA)) and known antibiofouling, these properties offer a robust
alternative for energy harvesting.

Keywords: energy recovery; hydrogel; salinity gradient energy; antipolyelectrolyte effect; polyelec-
trolyte effect

1. Introduction

Continual depletion and increasing consumption of fossil fuel as well as the subse-
quent boosting of greenhouse emissions have made energy security and climate change
top global challenges [1,2]. Alternative energy production from renewable and accessible
resources is thus in high demand by society. Moreover, the research community has been
strengthened and empowered to investigate more efficient alternatives to conventional
approaches. Since seawater is accessible and the most abundant natural resource, it is
highly attractive for its study and research on new approaches of energy production. The
most investigated extraction and production of energy approaches are based on so-called
“blue energy” that results from salinity gradients. Pressure-retarded osmosis (PRO) [3-6]
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and reverse electro dialysis (RED) [7-11] are membrane approaches, and their drawback is
biofouling, limited resistance and durability of membranes [12]. Biofouling, sophisticated
setup and charge leakage are also limitations for membrane-free electrochemical “CAP-
MIX” [13-24] approaches, such as capacitive double layer expansion (CDLE) [18,19], the
capacitive Donnan potential (CDP) [20,25], the battery-based MEB technologies (pseudo-
capacitive battery reaction or entropy battery) [26] and vapor pressure compression ca-
pacitance [27]. Concentration flow cells (CFCs) are the another emerging method for the
salinity gradient energy harvesting, which combines the responsive mechanisms for the
production of power [28] based on both RED (Donnan potential) and CAPMIX (electrode
potential). The MnOx/biochar composite is reported to be an efficient material showing
high performance of low electrode resistance and high specific capacitance, which provides
efficient salinity gradient energy recovery in CFCs with low cost and good stability [29].

Apart from such approaches, the translation of chemical energy from salinity gradient
into mechanical energy by a hydrogel-based osmotic engine [30,31] is another accessible
approach for energy conversion. In a single osmotic engine, the power is produced by dif-
ferences in the swelling ratio of hydrogel matrix in various salinity gradients leading either
to swelling of hydrogel and moving a piston with a particular load upward or shrinking
and moving the piston with the load downward. Such process can be repeatable in the
cyclic mode similar as in a combustion engine. Two complementary polyelectrolyte and an-
tipolyelectrolyte effects were used for energy extraction from salinity gradients. An osmotic
engine driven by a polyelectrolyte effect possesses higher expansion of hydrogel matrix in
desalinated water and moves a piston upward, while lower expansion in seawater moves
the piston downward [32]. Most of studies on such an osmotic engine are poly(acrylic
acid) (PAA)-based hydrogel that are superabsorbent and commonly used for children’s
diapers. It was observed that hydrogel could generate a maximum mean power up to 0.23
W kg~ ! calculated to dry form [31] modulated by hydrogel architecture or polymer com-
position up to an external load of 6 kPa, a polymer with 1.7 mol % crosslinking, a degree of
neutralization of 10 mol % and a particle size of 370-670 um. Additionally, poly(acrylic
acid)-based copolymer hydrogels with semi-interpenetrating network exhibiting a higher
swelling rate could recover even higher energy when compared to that of PAA hydrogel
itself [33]. Apart from the energy recovery from salinity gradients, by applying external
weights, Bui et al. demonstrated an osmotic engine with mechanical energy transmission
prototype, which converts energy from salinity gradient to a hydraulic accumulator by
utilizing copolymer hydrogel with polyelectrolyte effect [34]. In contrast, we have studied
the engine principle where the driven force is complementary and opposite to the salinity
gradient with a so-called antipolyelectrolyte effect. In this principle, hydrogel matrix
swelling in response to seawater and movement of pistons is upward, and subsequent
deswelling is in response to desalinated water with a downward movement of pistons.
Polyzwitterionic sulfobetaine-based hydrogel use and maximum mean power generated
from salinity gradient reach up to 28.6 mW kg~ ! (calculated based on dry form), obtained
by a hydrogel with a 3% crosslinking density, a 200-300 pm particle size, and 100 g as an
external load [35]. Energy efficiency in this combination was high at 0.73%. It should be
mentioned that in all mentioned approaches, energy is generated only by decreasing or
increasing the salinity gradient.

In this contribution, we describe an osmotic engine device containing two compart-
ments with pistons in tandem configuration that possess antipolyelectrolyte- and polyelec-
trolyte effect-based hydrogels. The advantages and novelty in this principle is that such
device enables energy production in both modes, decreasing and increasing the salinity
gradient and creates an accessible and cost-effective hydrogel particle source. Two types of
antipolyelectrolyte-based hydrogel particles (sulfobetaine-based hydrogel differed in type
of main polymeric backbone, namely, polymethacrylate (SBE) and polymethacrylamide
(SBAm)) and two types of polyelectrolyte hydrogel particles (polyacrylate-based hydrogel
(SPA) as a simple diaper and synthetic polyacrylic acid) were chosen for the hydrogel-based
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matrices of an osmotic engine. Tandem setup hydrogel particle modification as a matrix
and load for piston, in the engine together with repeatability of cycles, were examined.

2. Results and Discussion
2.1. Design of Study

The purpose of this study is to evaluate the performance of an osmotic engine assem-
bled with pistons containing hydrogel particles with antipolyelectrolyte and polyelectrolyte
units in a tandem arrangement. The swelling of hydrogel particles with a polyelectrolyte
effect and the shrinking of hydrogel particles possessing an antipolyelectrolyte effect in
desalinated water as well as the shrinking of hydrogel particles with a polyelectrolyte and
swelling of hydrogel particles with antipolyelectrolyte effect in saline water generate power
in both increasing and decreasing salinity modes (Figure 1). In such setup, it is required
to understand proper connection as well as investigate simple and affordable hydrogel
alternatives.

Salinity Gradient
Translation Inter- and intrachain
to Engine and molecule association

Antipolyelectrolyte effect-based
hydrogel particles

Disruption of association Power and collapsing
and expansion
Seawater
swelling
_
_—
RPSOD] Desalinated
e 60l water
L shrinking
Polyelectrolyte effect-based
hydrogel particles Higher hydration
Salt repulsion and expansion
and collapsing
Seawater
shrinking
p——————1
Desalinated X
water X
swelling '

Figure 1. Representation of salinity gradient engine in a tandem setup by combining both hydrogel
particles possessing polyelectrolyte and antipolyelectrolyte effects.

For this purpose, polyzwitterionic hydrogels with ester moiety as an oxy ethyl func-
tional group in the main polymeric chain (SBE hydrogel of different crosslinking densities,
1.5 mol % and 3.0 mol % of BIS to sulfobetaine monomer (Monomer:BIS) were prepared
and denoted as SBE-1.5 and SBE-3.0, respectively) and with amidic (SBAm hydrogel with
3.0 mol % of BIS to sulfobetaine monomer is denoted as SBAm-3.0) were synthesized in
the lab and obtained as hydrogel with antipolyelectrolyte effect (Scheme 1). Notably, SBE
was also scrutinized due to much higher cost effectiveness and better availability [36]
compared to SBAm amide congener [37]. Sodium polyacrylate (SPA) hydrogel extracted
from a commercial diaper (Pampers) was considered as the hydrogel with polyelectrolyte
effect (Scheme 1). Use of SPA also opens up new avenues to upcycle expired diaper gels
in energy generation applications [38]. Tandem arrangements offer energy gains in both
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modes of salinity gradient, and this smart setup can be further applied in underwater
robotics systems and engineering.
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Scheme 1. Schematic presentation of SBE, SBAm and SPA hydrogel and synthesis of SBE and SBAm
hydrogel.

2.2. Characterization

Crosslinking density has direct influence on the degree of swelling. The degree of
swelling is a useful parameter indicating the relative expansion of the hydrogel network in
aqueous media with different salinities, thereby defining the length of piston movement
and the energy generated by the salinity gradient engine. Dynamic scattering (DS) is
different for different materials (SBE and SBAm) and varies for the same material with
different crosslinking densities (SBE-1.5 and SBE-3.0), as can be seen from the values
provided in Table 1. SBE hydrogels with different crosslinking densities were fabricated by
free-radical crosslinking polymerization, and their resultant swelling ratios were calculated.
Among SBEs, the hydrogel with crosslinking density 1.5 mol % (with respect to BIS to
sulfobetaine monomer ratio (SBE-1.5) exhibits a higher degree of swelling (13.2 g g~?)
in simulated saline water, with varying values by following the order SBE-1.5 > SBE-3.0.
The degree of swelling in DI water follows a similar trend to that in saline water. This
observation is different from the pattern observed with sulfobetaine based hydrogel with
amidic functionality. Based on our previous observation, sulfobetaine based hydrogel with
amidic functionality (11.7 g g 1) showed a higher swelling ratio in saline water compared
to the one prepared in the current study with hydroxyl functionality (SBE-3.0) (8.4 g g 1),
at a similar crosslinking density of 3.0% [35]. The lower value of degree of swelling of SBE
in 3.6% NaCl can be attributed to the intra- and interpolymeric hydrogen bonding between
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the oxygen atom on the sulfobetaine chain and water molecules. Moreover, a characteristic
of the main polymer chain SBE is ester and for SBAm is amide from methacrylic acid.
The amide group of SBAm can interact with lone electron pairs and create additional
hydrogen bonding from N-H; this has been confirmed by several studies, including the
EWC DSC study as well as a previous study by NMR on SBA and SBE-based polymers [39].
Moreover, the aforesaid hydrogen bonding ability also limits uptake of salt molecules into
the SBE hydrogel network compared to more volume of the gel network existing in the
sulfobetaine gel with amidic functionality (SBAm) [40]. It conversely affects the deswelling
process as well, since the hydrogen bonding holds back the hydrogel from its maximum
shrinking in desalinated water, where it retains a higher amount of water. SBE gel shrinks
less than SBAm, as observed by their difference in degree of swelling values at 5.2 g g~
and 3.7 g g~ !, respectively. The intrapolymeric hydrogen bonding in the hydrogel acts as
a limiting factor for uptaking the saline water to a level and blocks the hydrogel from its
maximum swelling.

Table 1. Swelling properties of synthesized hydrogels SBA, SBE and SBA (hydrogel from commer-
cially available diaper—Pampers).

DS DS 6 wio

Sample Code CD  BIS (mol %) ® gP{) ‘ig VgV1 /;)NaC“ DSnaci/DSpr
SBE-1.5 15 15 6.6 13.2 2.0
SBE-3.0 3.0 3.0 52 8.4 1.6
SBAm-3.0 3.0 3.0 37 11.7 32
SPA NA NA 182.0 59.4 0.3

The hydrogel materials are evaluated by the Fourier transformed infrared spectroscopy
(FTIR) technique (Figure 2A). FTIR peaks are related to different motions taking place in
chemical bonds. SPA is the sodium salt of poly(acrylic acid); hence, this affirms that the
existence of bands at 1560 and 1404 cm~! are ascribed to carboxyl group stretching of
acrylate. SBE has characteristic absorption bands at 1724, 1484, 1169 and 1033 cm ™! that are
attributed to a stretching vibration of C=0O ester carbonyl group, N-CHj3 scissoring, sym-
metric SOj stretching vibration and stretching overlapped with N-C vibration, respectively.
SBAm sample showed typical absorption peaks for amide for C=0 stretching vibration
group at 1635 cm !, secondary amide N-H bending at 1532 cm~! and N-H stretching
at 3370 cm~!. S-O stretching and C-N vibration were observed at 1168 and 1032 cm ™!,
respectively.

Water structure of the synthesized hydrogel materials, along with commercial SPA
hydrogels, was assessed using the DSC technique with a combination weight of lyophilized
samples to determine EWC (summarized in Table 2). It is well known that the water
structure in the hydrogel structure network can be divided into different states as freezable
water and nonfreezing bound water [41-43]. Equilibrium water content can be obtained
from lyophilized water, and such value indicates total water contents. The water state
assigned as total freezable water (W) contains free (W¢) and freezable bound water (Wg,)
that has no or weak interaction with the polymeric network and has a slight influence
on transition temperature. Such type of water structure can be obtained from dynamic
scattering calorimetry (DSC) by integration of the area under the endothermic curve for
water-swollen hydrogels based on Equation (1).

AH x 100

Wy = W+ Wy, = AW

M

where AH and AHw are measured enthalpy of sample from DSC measurement and bulk
water AHy = 333 ] g~1). Finally, nonfreezing bound water (W) is structured with the
polymer network through strong hydrogen bonds and can be estimated from Equation (2).

Wy =EWC — Wy 2)
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Figure 2. (A) FTIR; (B) DSC spectra of SBE, SBAm and SPA hydrogel materials; (C) Frequency sweep
for storage modulus of SBE and SBAm hydrogel samples.

Table 2. Equilibrium water content (EWC) and water state for hydrogel samples.

Sample Code EWC (%) Wy (%) Wis (%)
SBE-1.5 84.7 51.6 33.1
SBE-3.0 80.8 45.8 35

SBAm-3.0 82.0 41.6 40.4
SPA 99.4 90.6 8.8

DSC endothermic curves of hydrogels are depicted in Figure 2B, and all maxima are
shifted to temperatures above 0 values due to the presence of total freezing and nonfreezing
water in the polymeric network. Such shift is typical for hydrogel with high affinity to
hydrogen bonding [41-43]. The highest value for EWC, as well as freezable water, is in SPA,
and this is attributed to the superabsorbent ability of sodium polyacrylate-based materials
used in hygienic and agricultural application. Moreover, water molecules also interact
with sodium ions’ hydration. Additional aliphatic spacers between ions in zwitterionic
reduce interaction with water and the degree of freezable water part in zwitterionic-based
materials. The amidic polymer backbone function possessing more water than ester SBE-
based hydrogels due to additional hydrogen bonding from N-H is a secondary amide
group.

Additionally, viscoelastic properties of hydrogel samples were examined (Figure 2C).
Frequency sweep was performed at ambient temperature and showed that the SBA3
hydrogel sample was hydrogel with the highest stiffness with a storage modulus at 42 kPa.
On the other hand, a much lower storage modulus of 12 kPa was found for SBE 1.5 hydrogel
sample. It is worth mentioning that values for EWC have been shown to be slightly higher
compared to SBE-based hydrogel prepared with higher concentration for monomer in
feed [41].
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2.3. Performance of Combined Salinity Gradient Engine

As mentioned, this study evaluates the performance of two osmotic engine units in
tandem operation, one with polyelectrolyte hydrogel and the other filled with antipolyelec-
trolyte. The operation of the entire system will particularly depend on the salinity level
of the solution entering system and the point of solution entrance, whether it is initially
entering the polyelectrolyte system followed by the antipolyelectrolyte or vice versa.

For instance, when saline water is introduced to the antipolyelectrolyte hydrogel, it
swells and results in the upward piston movement, while introducing desalinated water
moves the piston downward, accompanying shrinkage in SBE hydrogel. The polyelec-
trolyte behaviour of SPA makes it swell in desalinated water, while shrinking in saline
water moves the piston upward. Mechanical work performed by the piston during upward
and downward movement with different external loads attached to the piston leads to
mechanical energy production.

Two different tandem assemblies are evaluated to understand the influence caused by
the connection and which connection renders faster piston movement and higher energy
generation along with higher energy efficiency.

Connection A: Introduces the seawater inlet to the first compartment from the cylinder
with the piston containing antipolyelectrolyte hydrogel particles followed by subsequent
entering solution to the second compartment with the piston filled with polyelectrolyte
hydrogel particles. Both SBE and SPA hydrogels in an equilibrium swollen state in DI
water were used to pack the engines.

Connection B: Introduces the seawater inlet to the cylinder containing polyelectrolyte,
followed by subsequently entering the second engine filled with antipolyelectrolyte hy-
drogel particle. Similar to connection A, the engine was packed with hydrogels in their
respective equilibrium swollen states in DI water, and in both tandem setups, water in-
let was connected to the seawater container and subsequently switched to the DI water
container.

In connection A, the solvent entry point is at the antipolyelectrolyte SBE hydrogel.
At the start, SBE is in its equilibrium, deswollen state. Hence, with the introduction of
saline water (3.6 w/w % of NaCl), SBE started to swell moving up the piston. While SBE
gel was progressing in the swelling behaviour, there was no outflow of the saline water.
This resulted in SPA gel remaining stable at its original packed height. After SBE reached
a plateau, saline water entering through system 1 reached system 2. This caused SPA to
deswell and move the piston down. When the deswelling was complete, indicated by
constant low level in SPA over time, the solution was exchanged to DI water. Introducing
DI water triggered the swelling process of SPA. During the swelling of SPA, the hydrogel
particles were encapsulated with deionized water by releasing salt particles and left system
2 as effluent, entering system 1 equipped with SBE hydrogel. Assessing the quality of the
solution entering at system 2, saline in nature due to the salt particles, it withdrew from
system 2, and therefore, deswelling of SBE was not as fast as in DI water. Deswelling took
place at a lower rate than that with DI water. This is reasonable since the salinity level of
the solution lies in between the 3.6 w/w % NaCl solution and DI water. The two processes,
namely deswelling of SBE and swelling of SPA, proceeded simultaneously. However, a
slow swelling rate was observed with excessive time consumed for the SPA hydrogel to
reach the cycle height at start. This is attributed to the lower salinity gradient the system
was experiencing with the two solutions exchanged at solution feed point in system 1
(3.6 w/w % NaCl and DI water), even though it is not apparent in the graph (Figure 3A) as
a result of the lengthy time scale.
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Figure 3. Schematic representation of solvent entrance and related hydrogel movement in different
operating modes, (A) connection A, (B) connection B.

In connection (B), the polyelectrolyte in its swollen state started deswelling by the
introduction of saline water. From the performance diagram (Figure 4B), a fast solvent
release was observed during the shrinking of polyelectrolyte hydrogel, which facilitated
the early swelling of the antipolyelectrolyte (after 40 min from the starting time of SPA
deswelling). Even if connection B provided easy solvent release from the first cylinder
to the second one, the salinity level of the solution entering at system 2 was lower than
that of pure saline water, and the rate of upward movement of piston was found to be
subsequently lower than that with 3.6 wt % saline water. The total energy recovered from
the engine having connection B was found to be 274.2 ] kg !, and that of connection A was
found to be 275.9 ] kg~! (Table 3). By considering the comparable energy recovery of both
system and uninterrupted tracking of the rate of movement of system A during seawater
and DI water exchange, the investigation proceeded by connection A.

Table 3. Total mean power recovered from different combinations of the osmotic engine from
hydrogels with polyelectrolytes (SPA) and antipolyelectrolyte (SBE) effect.

. Load P E1h P 1k E 1h,1k
_ 4 , 1kg (mW » 10, 1 Kg

Connection (kPa) (W x 10-6) J x 10%) kg 1) (J kg—1)

A-SBE@SPA 2.1 1.72 £ 0.02 6.11 £+ 0.05 7681 £0.04 275.89 £0.32

B-SPA@SBE 21 1.52 £0.01 5.33 £0.03 65.72 £0.02  274.20 £ 0.08
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Figure 4. Performance of one cycle of (A) SBE-SPA hydrogel engine by introducing saline water to
antipolyelectrolyte SBE followed by the desalinated water exchange. (B) Performance of one cycle
of SBE-SPA hydrogel engine by introducing saline water to polyelectrolyte SPA followed by the
desalinated water exchange. In the two cases, applied load was 2.1 kPa. SPA hydrogel used in its
commercially available form and SBE-3.0 hydrogel with particle size 700 um. The flow rate was
maintained at a rate of 1 mL h~1.

2.4. Effect of Crosslinking Density on Energy Recovery

The swelling ratio is not the only requirement for the hydrogel to act as a good
candidate for a salinity gradient engine; it should also possess the mechanical strength
to lift the weight upward and downward during swelling and deswelling, respectively.
The ability of a hydrogel in power production is unpredictable with respect to swelling
ratios. Even though the weakly dense hydrogel provides a higher degree of swelling, it
is mechanically weak to lift a higher load and resulted in comparatively lower values. To
examine the effect of load on power generation, different external loads of 1.2 kPa, 2.1 kPa
and 3.0 kPa were applied to the piston. As the hydrogels of different crosslinking densities
do not behave linearly towards different loads, the effects of applied loads on the pistons
of cylinders packed with hydrogels of different CDs were examined and compared. The
lifting heights of the prepared sulfobetaine-based hydrogels (SBE) of different crosslinking
densities by applying different external loads were plotted as a function of time.

Combining these hydrogels (SBE-1.5 and SBE-3.0) separately with the same polyelec-
trolyte SPA (SPA-SBE-1.5 and SPA-SBE-3.0) by applying the load of 1.2 kPa generated a
mean power of 55.3 mW kg ! (with a recovered energy of 200.2 ] kg~ !) and 55.9 mW kg !
(recovered energy of 201.3 ] kg~ '), respectively, with an energy efficiency of 0.06% and
0.08% (Table 4). The lift height of the hydrogel samples towards lower external weights
shows an inverse proportion to the crosslinking density. This is because of the difference
in swelling ratios of the hydrogel materials. The hydrogel SBE with crosslinking density
of 1.5 mol % showed the degree of swelling 13.2 g ¢~! and provided a faster swelling
by uptaking a larger amount of saline water in the loosely crosslinked polymer network,
whereas the hydrogel SBE with crosslinking density of 3 mol % showed a degree of swelling
of 8.4 g g~! and the hydrogel network as being denser than that of the former. Even if
the low weight of 1.2 kPa did not make any impact on the hydrogel particles, the energy
recovery and the efficiency were defined by the time taken for the hydrogel material to
attain the equilibrium point.
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Table 4. Total mean power and energy recovered from the osmotic engine when combining both polyelectrolytes and

antipolyelectrolyte of varying crosslinking densities and particles sizes.

Particle Size of

Corsmectlon Sample Code Sulfobetaine ]i(oIf d P E, } 0113 P,1kg E, 11? ! _llkg

etup Hydrogel (um) kPa) (W x 10-6) (J x ) (mW kg1) Jkg™1)

A SPA@SBE-3.0 500 1.2 1.42 4+ 0.02 5.13 + 0.06 56.32 + 0.07 202.93 £ 0.12
A SPA@SBE-3.0 500 2.1 2.41 + 0.06 8.51 +£0.21 78.33 = 0.12 281.09 £ 0.44
A SPA@SBE-3.0 500 3.0 3.74 £ 0.05 13.39 £ 0.17 161.61 £ 0.09 581.14 £ 0.35
A SPA@SBE-3.0 700 1.2 1.19 4+ 0.02 443 + 0.04 55.94 4+ 0.02 201.28 £+ 0.08
A SPA@SBE-3.0 700 2.1 1.72 +0.02 6.11 + 0.05 76.81 = 0.04 275.89 £+ 0.32
A SPA@SBE-3.0 700 3.0 2.48 +£0.01 8.82 + 0.03 159.04 £+ 0.02 571.24 £+ 0.07
A SPA@SBE-1.5 700 1.2 1.03 +0.01 3.62 +0.03 55.63 4+ 0.02 200.21 £ 0.06
A SPA@SBE-1.5 700 2.1 1.79 £+ 0.06 6.44 +0.23 7752 +0.14 278.18 £ 0.49
A SPA@SBE-1.5 700 3.0 3.04 £ 0.05 10.63 +£0.09 160.53 £0.05 577.03 +0.20
A SPA@SBAmM-3.0 500 3.0 13.53 +0.15 4884 +£0.54 186.31 +0.38 670.04 + 1.37

When the external load increased to 2.1 kPa, SBE-1.5 and SBE-3.0 provided an energy
recovery of 296.9 | kg_1 with an efficiency of 0.24% and 275.9 ] kg_1 with an efficiency
of 0.11%, respectively, from the combined osmotic engine. The external load of 3.0 kPa,
attained by SBE-1.5 in 179 min, produced an energy recovery of 577.0 ] kg ! with an effi-
ciency of 0.19%, and in 143 min SBE-3.0 produced a total energy of recovery of 571.2 J kg !
with an efficiency of 0.08%. In the case of SBE-1.5, the load increased from 1.2 kPa to 3.0 kPa
in an inversely proportional relation. This is attributed to the weak resistance of the least
dense hydrogel towards the higher weights. However, the rate of movement of the piston
to reach the equilibrium level has also been found to be decreasing with increasing the
external load on the piston. In all cases, increasing the load increased the mean power
generated and energy recovery irrespective of the crosslinking density.

2.5. Effect of Zwitterionic Polymeric Backbone

To investigate the effect of crosslinking density on energy recovery, the combined os-
motic engine with SPA as polyelectrolyte and sulfobetaine hydrogel SBE with two different
crosslinking densities of 1.5 mol % and 3.0 mol % were chosen as antipolyelectrolyte and
subjected for the experiment. An optimal load of 2.1 kPa was considered to check the effect
of the density of hydrogel on power generation and energy recovery. Increasing the density
of hydrogel from 1.5% to 3.0%, the total mean power was found to be decreasing from 1.76
to 1.69, but considering power recovery per kilograms of dry hydrogel mass, the combined
salinity gradient engine with SBE-1.5 produced a total power of 77.4 mW kg~! and an
energy of 278.2 ] kg !, which was higher than that with SBE-3.0 (power of 76.8 mW kg !
and energy of 275.9 ] kg 1) (Entries 5 and 8 in Table 4). The calculated energy efficiency
of the combined osmotic engine with SBE-3.0 as antipolyelectrolyte was 0.11%, and that
with SBE-1.5 was 0.12%. The total power generated and corresponding energy efficiencies
by the osmotic engines SPA@SBE-1.5 (Figure 5A) and SPA@SBE-3.0 (Figure 5B) by the
external loads of 1.2 kPa, 2.1 kPa and 3.0 kPa respectively are shown in Figure 5. Apart
from the performance of sulfobetaine hydrogel with amidic functionality (SBAm) of 3%
crosslinking [35], the sulfobetaine hydrogel containing the oxy ethyl group (SBE) exhib-
ited a slightly better performance with a crosslinking density of 1.5% than that with 3.0%
towards an external load of 2.1 kPa in the energy recovery. Proper spacing in chains and
chain fragments provides better water diffusion and thereby faster swelling and shrinking,
which facilitate higher power and energy recovery. To achieve proper spacing between
the fragments, the crosslinking ratio (crosslinker to monomer) should not be higher. In
the case of SBE, the contradictory result of lower power achieved by the crosslinking
density of 3% when compared to that of 1.5% might be because of the presence of hydrogen
bonding between the oxygen atoms on the monomer units to the hydrogen atoms of the
crosslinker moieties, which inhibits the faster swelling and deswelling of hydrogel. The
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spacing between the fragments should be higher in the case of hydrogels with CD of 1.5%
and thereby lower the effect of hydrogen bonding, which facilitate higher energy recovery.

0.26
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Figure 5. Power generated by combined osmotic engine with SPA and SBE of crosslinking densities
1.5% and 3.0% with the particle of 700 micron. The flow rate maintained as 1 mL h~!.

2.6. Performance of SBE@SPA Hydrogel Engine towards Different Loads

The movement of the piston along the upward and downward direction and thereby
the power generation is affected by the external weight attached to the piston of an osmotic
engine. The loads of 1.2 kPa, 2.1 kPa and 3.0 kPa were applied to check the effect of external
weight on energy recovery and efficiency (Figure 6A). In the combined engine setup, the
syringes each containing both polyelectrolyte and antipolyelectrolyte were loaded with
the same load to investigate the impact of external weight. By introducing saline water,
the antipolyelectrolyte swells and reaches its point of equilibrium. At the plateau, the
saline water was replaced with desalinated water, and deswelling was initiated. The power
produced is calculated based on cycle time. The exact reverse process was carried out in
the polyelectrolyte. The addition of the power generated in each compartment provides the
total mean power of the combined osmotic engine. The behaviour of both polyelectrolyte
and antipolyelectrolyte towards the external loads has been previously studied as a single
system [31,35]. The performance of hydrogels towards the external weights depends on
the swelling ability, density of hydrogels and the nature of functional group in the polymer
back bone. Any functional group that facilitates the hydrogen bonding with deionized
water may lead to the presence of nonfreezable bound water inside the hydrogel network
and affect the swelling ratios. Thus, the performance of each hydrogel towards the external
weight may vary according to their ability to lift the corresponding load during swelling
and the pressure applied on the hydrogel by the external weight attached to the piston.

With a load of 1.2 kPa, the pat-dried, deswollen mass of the sulfobetaine hydrogel SBE
with cross linking density of 3 mol % and the particle size of 500 um started swelling during
the introduction of saline water, and the swollen, pat-dried mass of polyelectrolyte (SPA)
started deswelling, and the piston was moved to a point of their own equilibrium. When the
saline water was replaced with desalinated water, the antipolyelectrolyte started deswelling,
and the polyelectrolyte started swelling to their point of equilibrium. The impact of the
external load 1.2 kPa on the combined engine generated a power of 56.3 mW kg~! and a
total energy of 202.9 ] kg ! with an energy efficiency of 0.09% (Table 4). The combined
engine with load of 2.1 kPa generated a mean power of 78.3 mW kg ! and an energy of
281.1] kg~!. The energy efficiency of the engine with a load of 2.1 kPa was found to be
0.15%, which is higher than the engine with an applied load of 1.2 kPa. By applying a
higher load of 3.0 kPa, the ability of antipolyelectrolyte to lift the load upward was found to
be weak by providing a translational movement, which is lower than that with low applied
loads. The combined engine with an external load of 3.0 kPa generated a total mean power
of 161.6 mW kg~! and a total energy of 581.1 ] kg ~! with a maximum efficiency of 0.24%.
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Figure 6. (A) Performance of one cycle of SBE-SPA hydrogel particle engine by applying different external loads during
seawater and desalinated water exchange exhibiting equilibrium. SPA hydrogel used in its commercially available form and
SBE hydrogel was with CD-3.0 and particle size of 500 pm. The flow rate was maintained at a rate of 1 mL h~1. (B) Power
generated by the engine along with the energy efficiency.

2.7. Energy Recovery from the Osmotic Engines of Two Different Assemblies

For investigating energy recovery, two types of sulfobetaine hydrogels, one having
oxy ethyl group (SBE) and other having amidic functionality (SBAm), were chosen as
antipolyelectrolyte and SPA as polyelectrolyte in fabricating the combined osmotic engine.
The effect of particle size, crosslinking density and external load were investigated by
combining the SBE hydrogel with polyelectrolyte hydrogel SPA; their power generation
and energy recovery is tabulated. The sulfobetaine hydrogel SBAm and its effects of particle
size, crosslinking density and the external load in energy recovery were reported recently
by our group [35]. Thus, the SBAm hydrogel with reported maximum efficiency (density
of 3%) was chosen for comparing the energy recovery from the sulfobetaine hydrogel with
the oxy ethyl group (SBE) by keeping the particle size as 500 microns. The recovered energy
values are shown in Table 5.

Table 5. Total mean power and energy recovered from the osmotic engine when combining SPA as polyelectrolyte and SBE

and SBAm as antipolyelectrolyte hydrogel particles.

Article Size of

Connection Sample Code Sulfobetaine (Ii?; d) P ( E’ }0}13) P,1kg E’( 11? / }ll;g
Hydrogel (um) ¥ W x1079) J (mW kg~1) Jke
A SPA@SBE-3.0 500 3.0 3.74 + 0.05 13.39 £0.17 161.61 +£0.09 581.14 + 0.35
A SPA@SBAmM-3.0 500 3.0 13.53 + 0.15 48.84 +0.54  186.31 =0.38 670.04 = 1.37

The energy recovery from combined osmotic engines having both polyelectrolyte and
antipolyelectrolytes were investigated by choosing the hydrogels with their most efficient
compositions. In the present study, the prepared sulfobetaine hydrogel (SBE) provided
the maximum power generation and energy recovery with crosslinking density 3.0% and
particle size of 500 um with an external load of 3.0 kPa as the combined engine with
polyelectrolyte SPA as its pair. The energy recovery from the engine per kilograms of dry
hydrogel mass was found to be 581.1 ] kg ~! with an efficiency of 0.24%. The osmotic engine
when antipolyelectrolyte SBE was replaced by SBAm provided energy of 670.0 ] kg ! with
an efficiency of 0.85% (Figure 7). The chemical structure of SBE and SBAm are similar,
except for the functional group in which SBE has the oxy ethyl group in the main chain
and SBAm has amidic functionality instead.
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Figure 7. Power recovered by three different combinations of polyelectrolytes and antipolyelec-
trolytes with crosslinking density of 3.0 mol % and particle size of 500 um with a load of 3.0 kPa. The
flow rate was maintained as 1 mL h~1.

2.8. Reusability of the Polyelectrolyte and Antipolyelectrolyte over Cycles

The reusability of hydrogels was investigated by analysing the performance of
sulfobetaine-sodium polyacrylate hydrogel engine by applying different external loads
during seawater and desalinated water exchange over nine cycles (Figure 8). With applied
loads of 1.2 kPa, 2.1 kPa and 3.0 kPa, both the antipolyelectrolyte and polyelectrolyte
hydrogels performed accordingly well by keeping the repeatability of performance over
nine cycles. The SPA hydrogel from commercially available diaper and sulfobetaine hy-
drogels of crosslinking density 3.0 and particle size of 700 pm were chosen by checking
the repeatability of the combined osmotic engine. Both hydrogels behaved exclusively on
their own weightlifting capacity and swelling characteristic towards each external load
by keeping the consistency in each three cycles with the same external load for a total of
nine cycles. The antipolyelectrolyte SBE-3 and the polyelectrolyte SPA maintained the
consistency over three cycles with the same external loads. The rate of movement of both
hydrogels with a load of 3.0 kPa is found to be lower than that with a load of 2.1 kPa. The
power generated by all these combined osmotic engines with different external loads are
shown in Table 2.
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Figure 8. Performance of sulfobetaine—sodium polyacrylate hydrogel engine by applying different
external loads during seawater and desalinated water exchange exhibiting equilibrium. SPA hydrogel
was used in its commercially available form, and SBE hydrogel was with CD-3.0 and particle size of
700 um. The flow rate was maintained at a rate of 1 mL h—1.
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3. Materials and Methods
3.1. Materials

N,N’-Methylenebis(acrylamide) (BIS), N,N,N’,N'-tetramethylethylenediamine (TMEDA),
ammonium peroxodisulfate (APS), [2-(methacryloyloxy) ethyl] dimethyl-3-sulfopropyl) am-
monium hydroxide (SBE) and N-(methacryloylaminopropyl)-N,N-dimethyl-N-(3-sulfopropyl)
ammonium betaine (SBAm) were purchased from Sigma—Aldrich in the highest available
grade and used without further purification. Sodium polyacrylate hydrogels (SPA) were
separated from the commercially available diaper (Pampers) and taken as the polyelectrolyte
hydrogel. For all preparations, Milli-Q deionized (DI) H,O from a Millipore setup was used
and modelled as desalinated water. As an artificial seawater-like solution, 3.6% w /v solution
of NaCl was prepared.

3.2. Hydrogel Particles Sample Preparation

A total of 2.27 g (10 mmol) of SBE and the appropriate amount of BIS were dissolved
in 5 mL of DI water. Then, 400 pL of 0.22 M APS was added, and the solution was degassed
by nitrogen for 10 min. Subsequently, 140 uL of TMEDA was added and sealed, and the
polymerization process proceeded for 6 h, yielding SBE hydrogel. For purification, the
hydrogel formed was immersed in DI water, which was changed several times for three
days. The hydrogel samples of different crosslinking densities, 1.5 mol % and 3.0 mol % of
BIS to sulfobetaine monomer (Monomer:BIS), were prepared and denoted as SBE-1.5 and
SBE-3.0, respectively. For the synthesis of SBAm hydrogel particle, the same procedure was
followed with SBAm instead of SBE. The swelling characteristics of the hydrogels are listed
in Table 4. The prepared hydrogel samples were crushed and passed through appropriate
mesh sizes to obtain hydrogel particles.

3.3. Characterization

The DSC was performed by DSC 8500 instrument (Perkin Elmer, USA). Before mea-
surement, the DSC was calibrated with water and indium standards. Hydrogel samples
were wiped, cut (5-20 mg), weighed and immediately sealed in Al pan Cooled 20—45 and
heated with a heating rate of 10 C min~! under N, flow. All experiments were carried
out in duplicate. Fourier transformed infrared spectroscopy with attenuated accessory
(FTIR-ATR) was examined with the Spectrum 400 (Perkin Elmer, Waltham, MA, USA). The
dynamic mechanical analysis (DMA) testing was carried out by RSA-G2 (TA Instruments,
New Castle, DE, USA) at ambient temperature.

Calculation of degree of swelling (DS); degree of swelling in deionized water DS (DI):
A gently cut and pat dried sample was weighed (mpyj). After drying at a temperature of
110 °C for 16 h, it was subsequently weighed (mp), and the swelling ratio was calculated
using Equation (3) as follows:

DS pry = mpy/mp 3)

Degree of swelling in 3.6 wt % NaCl solution DS (nacp): A gently dried hydrogel
sample was weighed (mpj,c1) and subsequently immersed in 3.6 wt % NaCl solution. To

ensure that equilibrium for the degree of swelling was reached, the salt solution was
changed several times for 16 h, and the sample was weighed (megnact)-

DS(Nact)y = DS(pr) X MegNacl/ MNacl 4)
Equilibrium water content (EWC) was calculated using the equilibrium Equation (5)

mp — mpj

EWC = ®)

mpy

3.4. Salinity Gradient Engine Setup

Two modified syringes were used for the combined energy recovery engine setup.
Cloth wire gauze was inserted in the bottom of each syringe cylinder in order to prevent the
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hydrogel from passing through the outlet. The solution inlet was the needle tip at a higher
position on the syringe barrel, and the outlet was the syringe tip. In this experiment, one
syringe was filled with a known quantity of antipolyelectrolyte hydrogel with appropriate
particle size and crosslinking density, and the other syringe was filled with a known
quantity of polyelectrolyte hydrogel. The two syringes were connected by a flexible tube in
a way that the outlet of the first cylinder served as the source for the inlet of the second
cylinder to obtain a combined engine setup. The solution-filled syringes, which connected
to a syringe pump, acted as the external sources of both the saline and desalinated water
and provided a constant rate of flow throughout the swelling and shrinking cycles. The
syringe, which was connected directly by the external solution source, was kept at a higher
position when compared to the second one for the flawless flow of solution from the first
syringe piston to the second piston. All experiments were carried out in duplicate.

3.5. Calculation of Energy Recovery and Power Generation

The energy recovery of the osmotic engine was measured by the appropriate equa-
tions [35]. As the power generation in a salinity gradient engine is based on the swelling
and shrinking of the hydrogels by applying external loads, the mean power provides
significant values for calculating energy translated during the swelling and deswelling
processes. The mean power is the average power generated over one cycle, in which the
time starting from when the swollen antipolyelectrolyte hydrogel reaches equilibrium in
DI water to the time when the hydrogel swollen in 3.6% wt/v solution of NaCl nearly
reaches equilibrium. The equation for determining the mean power P is as follows:

?:—W:mxgx— (6)

where AW is the work, At is the time required for one cycle, m is the mass moved by the
piston, g is the gravitational constant of 9.8 m s~2 and Ah is the lifting height.

In the salinity gradient engine, as work is performed both by the external load applied
on the piston and the swelling of the hydrogel, different parameters such as average
hydrogel mass, average change in centre of gravity need to be considered (Equation (7)).

po WL W2 o o

t At @

where m1 is the applied load, m2 is the average hydrogel mass in the swollen and shrank
state, Ahj is the average lift height and Ahy is the average change in centre of gravity of the
hydrogel during swelling and shrinking process.

4. Conclusions

The osmotic engine assemblies (namely, SPA@SBE and SPA@SBAm where SBE and
SBAm hydrogel particles showing antipolyelectrolyte behaviour and SPA from diaper
as particles with polyelectrolyte behaviour) were set up by arranging hydrogel particles
with polyelectrolyte and antipolyelectrolyte effects in a tandem manner. Connection,
where the inlet of fluid is first introduced to the piston possessing hydrogel particles with
antipolyelectrolyte and then polyelectrolyte effects, generates more energy than opposite
connection. The energy recovery of 670 ] kg~! (calculated based on dry form for each
polyelectrolyte and antipolyelectrolyte) was reached by the combined engine in which
SBAm hydrogel obtained 3% crosslinking density and particle size of 500 micron with
an external load of 3.0 kPa. This polyelectrolyte—antipolyelectrolyte combined system is
comparable and generated a total mean power of 0.19 W kg~! with an external load of
3.0 kPa, which is higher than the mean power recovered by poly(acrylic acid) hydrogel-
based polyelectrolyte as a single system (0.23 W kg ~! with an external load of 6 kPa) [31].
As the poly(acrylic acid)-based hydrogels exhibit higher swelling ratios, they deform easily
under pressure in their swollen state, and that leads to a high pressure drop in the system
and thereby energy loss. When the deformation hydrogel particle is high, the flowing
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liquid may need extra energy, which exceeds the energy generated by the system to flow
through the hydrogel particles [44]. The higher water storage capacity of diaper gel leads
to the deformation of gel particles and thereby a pressure drop in their swollen state by
exerting an applied external load, leading to a significant cycle time and relatively low
energy recovery. In the energy recovery systems, this drawback may be overcome by
selecting poly(acrylic acid)-based copolymer hydrogels instead of PAA itself.

Furthermore, biofouling is one of the most challenging issues in the application of
material in natural water-based environments. Several strategies are applied to prevent
biofouling [45-48]; application of suitable hydrogel is one of them. Thus, it is noteworthy
that both hydrogel components as polyacrylic [49] as well as zwitterionic-based materi-
als [50,51] are well known for their antibiofouling properties and underwater stability [52],
making them attractive as a robust alternative and exhibiting promising potential, in terms
of energy recovery, for blue energy harvesting near seawater—fresh water borders and
as a water-salinity-driven actuator in underwater engineering and robotics by adopting
appropriate hydrogels with polyelectrolyte and antipolyelectrolyte effects.

It should be pointed out that this investigation is still fundamental, and large appli-
cability and profitability may be limited by slowness of ion exchanges and of swelling—
deswelling rates.
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