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ABSTRACT: Utilizing hydrogels to harvest salinity gradient energy from solutions of different
salinities has recently attracted interest. Polyelectrolyte hydrogels exhibit cyclic swelling/deswelling
when alternately exposed to freshwater and seawater. This can be utilized to convert the mixing

—g— A1F

energy of the two solutions into mechanical energy. Hydrogels consisting of a semi-interpenetrating Produced F
network (semi-IPN) of poly(4-styrene sulfonic acid-co-maleic acid) sodium salt and polyacrylic Energy

acid was prepared at various cross-linking densities. The energy lost due to a pressure drop in the 3
system during the deswelling/swelling process of these hydrogels is examined, and the effects of Freshwater

tubing dimensions, hydrogel cylinder size, gel particle size, and the volume fraction within the Seawater |3
hydrogel cylinder occupied by the flowing liquid (¢) are investigated. In addition, a small-scale telel

osmotic engine was compared to a scaled-up system. &€ was found to be the factor that had the
largest effect on the energy loss. It was found that € is strongly dependent on the degree of swelling
of the hydrogels. When the hydrogels swell, they deform more easily under pressure. This markedly
decreases ¢, thereby inducing a high pressure drop in the system and a correspondingly large energy
loss. Accordingly, the pressure drop when pumping through the hydrogel is the major contributor
to the energy loss in the system. When the hydrogel particles deform too much, the energy needed to pump the flowing liquid
through the hydrogels exceeds the energy produced by the system. Developing a hydrogel system that deforms less in its swollen
state is therefore essential for improving the energy efficiencies of these osmotic engines.
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1. INTRODUCTION

Replacing fossil energy with clean and affordable energy
sources' ~* that reduce greenhouse gas emissions”® is essential
to avoid global warming. Salinity gradient energy is generated
when solutions with different salinities are mixed.” The salinity

gradient energy when river water flows into the ocean has been

estimated to equal to a 200 m-high waterfall.® Globally, this works as an ele.ctrochemic.al double-layer capacitor. o
corresponds to more than 1 TW, enough to cover 1% of the The alternative of using hydrogels to convert salinity
energy demand on the planet 9—11 gradient energy into mechanical energy was introduced by

h 29 1. - .
In 1954, Pattle® demonstrated the hydroelectric pile, which Zhu et. al. in 2014.7 High and low .sahr.uty solut%ons
was the first apparatus to harvest electricity directly from alternatingly flow through a hydrogel, which is placed in a

mixing seawater and fresh water. In the hydroelectric pile, the mOdiﬁ?d syringe that is, operating in a pist(?n—type process. ,The
seawater and freshwater flows were separated by acidic and expansion and contraction of the hydrogel in aqueous solutions
basic membranes. and the current was led off at the end of the of different salinities transform the chemical potential energy
ol . .

pile. In the 70s, Norman and Loeb”'” proposed a theoretical into mechamca? energy:

del based the th g . i P Recently, various polyelectrolyte hydrogels have been tested
mode’ based on the thermodynamic OSMOTC pressure o for their energy-generating potential 2733 The recovered
seawater. The fresh water and seawater were separated by a . . )
semipermeable membrane in a pressure chamber. An energies per gram of dried }.1ydrogel havelbeerioreported as
infinitesimal volume of water would flow from the freshwater up to 34 J/g .for goly(allylamme hydrochllorld.e), \ 31102 J/g for
reservoir into the pressure chamber and spill off the top of the polysulfobetaine, ™ 0.83 J/g for poly(acrylic acid),” 9.5 J/g for

water column. This water could then produce electricity
through a waterwheel and a generator. However, this
technique was uneconomical with a high cost of the produced
electricity.

Recently, salinity gradient power generation technologies
have been developed based on the concepts of Pattle and
Norman”® These include pressure-retarded osmosis

(PRO),”"*™"7 where the difference in chemical potential
generates a flow through a semipermeable membrane and
feeds a hydro-turbine to produce electricity; reverse electro-
dialysis (RED),"'®™** where electricity is generated by ion flux
owing to the different ion concentrations at the ion-exchange
membranes; and capacitive mixing (CapMix),”*"** which
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poly(acrylic acid-co-vinylsulfolnic acid),” and 13.3 J/g for
poly(4-styrenessulfonic acid-co-maleic acid) interpenetrated in
a poly(acrylic acid) network.*® It is however important to note
that the utilized osmotic engine will also affect the recovered
energy. Most studies focus on the energy recovered from the
system, and the energy lost during the cycling process has not
been explored for lab-scale energy production systems. Zhang
et al.’* discussed the pressure drop of the supply pump for a
small system, utilizing poly(styrene sulfonate sodium salt)
hydrogels. The results indicated that the energy loss due to
pumping was much smaller than the work output. This is
essential for achieving an overall energy production from the
system. In this study, we explore how the tubing dimensions,
hydrogel cylinder sizes, gel particle sizes, and volume fractions
within the hydrogel cylinder occupied by the flowing liquid (¢)
affect the energy lost to the pressure drop of two osmotic
engines of different sizes. An empirical equation for estimating
how & varies with the degree of swelling of the hydrogels was
developed. The utilized hydrogels are chosen based on their
superior performance in a recent study’” and are semi-
interpenetrating networks of poly(4-styrene sulfonic acid-co-
maleic acid) sodium salt and poly(acrylic acid) at various
cross-linker concentrations. Semi-interpenetrating networks
exhibit superior mechanical properties compared to traditional
hydrogels,” which is important for their ability to swell against
external pressure to generate salinity gradient energy.

2. MATERIALS AND METHODS

2.1. Materials. Acrylic acid (AA), N’,N’-methylenebis-
(acrylamide) (MBA), ammonium persulfate (APS),
N,N,N’,N’-tetramethylethylenediamine (TEMED), and poly-
(4-styrene sulfonic acid-co-maleic acid) sodium salt (PSSA-
MA) with an average molecular weight of 20,000 g/mol were
purchased from Sigma-Aldrich and used as received.

2.2. Synthesis of Semi-IPN PAA-PSSA Gels. Stock
solutions were prepared by mixing 2.5 g of acrylic acid
monomers and 1 g of PSSA-MA in 20 mL of distilled water.
TEMED (0.24 mL, 25% aqueous solution), APS (0.04 g), and
the MBA cross-linker (0.08, 0.16, and 0.21 g) were
consecutively added to the solution under stirring. The
resulting hydrogels have molar cross-linking concentrations
of 1.5, 3.0, and 4.0%, which were labeled as PAA-PSSAL.S,
PAA-PSSA3.0, and PAA-PSSA4.0, respectively. The mixtures
were purged with nitrogen gas for 10—20 min, and the stock
solutions were sealed with aluminum foil. In order to activate
the APS radical initiator, gelation was carried out in an oven at
50 °C. Since the gelation reaction proceeds faster with
increasing cross-linker concentration, the samples were kept in
the oven for 120 min (1.5% cross-linker), 60 min (3.0% cross-
linker), and 40 min (4.0% cross-linker) to form the hydrogels.
After gelation, the hydrogels were cut into small pieces and
immersed in a large quantity of deionized water to remove
unreacted monomers and catalysts. The water for dialysis was
changed daily for 15—20 days in order to reach equilibrium
swelling for the hydrogels.

Since the MBA cross-linker does not react with the PSSA-
MA polymer, the resulting PAA-PSSA hydrogels are semi-
interpenetrating networks (semi-IPN) of poly(4-styrene
sulfonic acid-co-maleic acid) sodium salt (PSSA-MA) and
poly(acrylic acid) (PAA). In water (pH 7), the carboxylic
groups in PAA partially dissociate (K, = 5.6 X 107°), whereas
the sulfonic acid dissociates completely (K, = 2 X 1071).*%%’
The charged groups generate strong repulsive forces within the

hydrogel, causing a high swelling capacity. Introducing sulfonic
acid groups in PAA hydrogels is therefore expected to
significantly improve the swelling ratio of the hydrogels. The
presence of maleic acid in the copolymer structure increases
the compatibility of PSSA-MA in the PAA network due to a
similar structure of maleic acid and acrylic acid. In addition, the
presence of the maleic acid anion reduces the formation of
hydrogen bonds between polyacrylic acid chains due to its
bulky structure and its electrostatic charge. This results in an
increasing swelling ratio of the hydrogel.

2.3. Harvesting Energy from Salinity Gradients Using
Hydrogels. Hydrogels can swell or deswell when immersed in
aqueous solutions of different salinities. Exchange of both ions
and water molecules between the gel and the surrounding
water changes the salt concentration of both. Consequently,
mixing energy is released. This energy is transformed into a
change of volume and pressure of the hydrogel. Part of the
mixing energy is converted into elastic energy within the
hydrogel during swelling (low salinities). This elastic energy is
stored in the hydrogel and later released during deswelling
(high salinities).”* Accordingly, we have a process that is
reversible when the hydrogels are exposed to low and high
salinity solutions. When the exchange of water and ions
reaches equilibrium, the maximum available mixing energy is
achieved, and the swelling volume of the hydrogels becomes
constant.

Zhang et al.>* demonstrated that the net change of Gibbs
free energy of mixing during one deswelling/swelling cycle
corresponds to the released mixing energy between the high
and low salinity solutions, with no net change in the free
energy of the gel (which starts and ends in the same state).
Accordingly, hydrogels can convert the mixing energy of two
solutions of different salinities into mechanical energy without
changing its own energy state. The total free energy of mixing
(Emi) can be expressed as™”

@i uc @ 1c

Enx = RT Z Vit e In + Vit e In
M i M

(1)

where V and c are the volume and concentration of ions of the
aqueous solutions, respectively. The subscripts indicate high
concentration (HC), low concentration (LC), and concen-
tration of the mixed solution (M). & ¢, @;1c, and @y are the
activities of the ionic species i in the HC solution (saltwater),
LC solution (freshwater), and mixed solution, respectively.

The mixing energy can be recovered from the expansion and
contraction of the hydrogels by utilization of an osmotic
engine. A small-scale osmotic engine for investigating the
mechanical energy recovered from the hydrogels is shown in
Figure 1. A syringe with a diameter of 4.2 cm was placed
vertically, and the saline solutions were pumped into the gel
from the bottom to the top. Holes were drilled through the
bottom of the plunger to facilitate the flow of water. The holes
were covered by small cloths to prevent the hydrogel from
being pressed through the holes. The swelling of the hydrogel
is limited to changes in height since the cylinder walls prevent
expansion in other directions.

The cylinder tube was filled with 60 mL of hydrogel that had
been swollen in pure water until it reached a steady state (see
Figure 2 for the corresponding swelling ratios). A weight was
applied on the top of the plunger, providing a pressure (p;) of
36.1 kPa. The high salinity solution was pumped through the
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Swelling gel
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Figure 1. Small-scale osmotic engine. Water with high or low salinity
is supplied from the bottom. The pumping energy (E,;,) is supplying
water into the cylinder, where the swelling of the hydrogel conducts
work (W) by lifting the external load, and p; is the pressure of the
external load.
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Figure 2. Effect of cross-linking concentration on the swelling ratio of
PAA-PSSA hydrogels.

gel at a rate of 3 mL/min from the bottom of the tube until the
plunger reached its lowest position where the hydrogel
obtained its shrinking volume (V). Then, the deionized
water was pumped through with a flow at a rate of 5 mL/min.
This causes the hydrogel to swell until it reaches its maximum
swelling volume (V). Each cycle (shrinking and swelling)
lasted for 1 h. The total recovered energy can be expressed as
the work (W) of one cycle:

T/VL = pL(‘/sw - ‘/Sh) (2)

The work (E,,,,) performed by the pump that flushes the
water through the hydrogels can be expressed as’”

Epump = pL Qshtsh + pL sttsw (3)

where Q is the volumetric flow rate, t is the time, and the
subscripts sw and sh refer to the swelling and shrinking
processes, respectively. The total energy supplied into the
system (E,,) is

Esup =E.; + Epump 4)

The percentage efficiency (77y) of energy recovered by the
system compared to the mixing energy and the energy supplied

by the pump is

W
M, = —= X 100
sup (5)

The energy loss in the osmotic engine includes the pressure
drop in the tubing between the pump and the hydrogel
cylinder, the pressure drop when pumping through the
hydrogel in the cylinder, and the frictional force between the
plunger and cylinder.

The pressure drop in the tubing is due to the friction of the
fluid against the tube wall. The pressure drop in the cylindrical
tubing can be estimated by the Darcy—Weisbach equation:*>*”

L ,
A = I ©
where d, is the inner tube diameter, L the length of the tube, p
is the density of water (1000 kg/m?), v is the velocity of the
flow, and f}, is the Darcy friction factor. For the utilized tubing
with an inner diameter of 3 mm and flow velocity of 0.0082 m/
s and with a dynamic viscosity (1) of water at 25 °C of 8.9 X
107" Pa-s, the Reynolds number (Re = povd,/u) is 28. This
illustrates that the flow is laminar since Re < 2100.%
Accordingly, we can utilize the Darcy friction factor fp, =
64/Re for laminar flow. The Darcy—Weisbach equation can
thereby be rewritten as

128L4Q
Ap=—7i"
7d, (7)

In eq 7, the pressure drop in the tubing is strongly
dependent on the diameter of the tube. Accordingly, an
increase in tube diameter can significantly reduce the pressure
drop. The power (P,) lost from the pressure drop in the tubing
can be determined by

h=QAap (8)
and the corresponding energy loss (E,) is given by
E, =1th )

where ¢ is the time during which the liquid is pumped through
the tubing.

The pressure drop in the hydrogel cylinder can be estimated
as a fluid flow through a packed bed, where the pressure drop
is due to friction with the hydrogel particles. The pressure drop
through a packed bed in a cylinder can be described by the
Ergun equation:*'

150u(1 — €)’u, 1751 — €)pul
Ap =H 32 + 34
€ap €a, (10)

where H is the height of the gel bead column, dp is the
diameter of the gel particles, and ¢ is the volume fraction
occupied by the flowing liquid. The superficial velocity, u,, is

given by the flow rate divided by the total cross-sectional area
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Figure 3. Swelling volume of hydrogels (a) during one cycle and (b) its repeatability for six consecutive cycles (maximum and minimum values for

each cycle are shown).

%, where D_ is the inner diameter of

of the cylinder: u, = 0./2

the cylinder.
In addition to the energy dissipated by the pressure loss, the

displacement of the piston in the hydrogel cylinder gives rise to
a frictional force. The amount of energy lost to friction is
dependent on a number of factors, such as the frictional
coeflicient between the piston and cylinder materials, the
contact area between the piston and cylinder, how fast the
piston moves, the presence and properties of any lubricant, and
the surface morphology of the plunger and cylinder as well as
the distance between them. The energy lost to friction between
the piston and the cylinder will not be discussed in detail here,
but it is important to keep this aspect in mind when optimizing
the osmotic engine.

2.4. Scaling Up the Osmotic Engine. To examine the
influence of the diameter of the hydrogel cylinder, a large-scale
cylinder with a diameter of 240 mm with an applied pressure of
17.27 kPa was utilized. The water pump pressure was detected
by a pressure sensor. Freshwater and salt water were supplied
into the cylinder using four tubes with a diameter of 6 mm,
with total flow rates through the four tubes of 100 mL/min
and 40 mL/min in swelling and deswelling processes,

respectively.

3. RESULTS AND DISCUSSION

3.1. Hydrogel Swelling Ratio. Figure 2 depicts the
equilibrium swelling ratios of the semi-IPN PAA-PSSA
hydrogels prepared at different cross-linking concentrations.
Increasing the cross-linker concentration from 1.5 to 4.0%
strongly reduces the swelling ratio. A higher cross-linker
concentration shortens the distance between the cross-linking
points and therefore restricts the swelling of the hydrogels.

3.2. Mechanical Energy Extracted from Shrinking/
Swelling Cycles of the Hydrogels. The energy extracted
from the PAA-PSSA hydrogels during shrinking/swelling
cycles was investigated on a lab scale. A 1 h cycle of the
energy recovery process was utilized. Each cycle consists of (i)
shrinking when the hydrogels are exposed to a seawater-like
solution (0.599 M NaCl, a flow rate of 3 mL/min) and (ii)
swelling when deionized water (a flow rate of S mL/min) was
flushed through the hydrogel. The resulting swelling volume of
the hydrogels during one cycle is shown in Figure 3a. To
improve the efficiency of the osmotic engine, the hydrogels are
not fully swollen/deswollen during the cycles, as the last part of

the swelling/shrinking process takes a relatively long time
during which the volume change is small. The displacement of
the plunger induced by the swelling of the hydrogels leads to
an upward movement of the external weight, resulting in
potential energy that can be extracted from the system. As can
be seen from Figure 3a, the hydrogels shrink rapidly in the
seawater-like solution and then swell to slightly different
extents depending on the cross-linker density. The hydrogels
exhibit good repeatability during several shrinking/swelling
cycles under a constant pressure of 36.1 kPa (Figure 3b). The
slight increase in swelling volume over repeated cycles is
probably due to the stress of the shrinking/swelling cycles
causing a gradual disassociation of hydrogen bonds within the
hydrogel network.*®

The energy from mixing solutions of different salinities was
harvested through swelling/deswelling of the hydrogels in a
small-size osmotic engine (Figure 1). Figure 4 illustrates the

4 1.0
72 Energy
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Figure 4. Theoretical energy and percent efficiency of the work
during one cycle for a small-scale energy production system.

total recovered energy (eq 2) and the efficiency (eq S). The
energy extracted from the system and the efficiency decrease as
the cross-linker concentration is raised. This is probably due to
the reduced swelling ratio at higher cross-linker densities
(Figure 2). The recovered energies per gram of dried hydrogel
were 7.3, 3.0, and 0.8 J/g for 1.5, 3.0, and 4.0% cross-linker,
respectively. For comparison, the recovered energies of other
hydrogels are 3.4 J/g for poly(allylamine hydrochloride),”
0.83 J/g for poly(acrylic acid),”’ 120 J/g for polysulfobe-
taine,”” and 13.4 J/g for poly(acrylic acid-co-vinylsulfonic acid)
PAA/PSVA.* It should however be noted that the recovered
energy also depends on the experimental setup, and for a
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proper comparison of the different hydrogels, they should be
submitted under the same experimental conditions.

3.3. Energy Loss in the Small-Size Energy Production
System. Losing energy to friction is inevitable during the
deswelling/swelling process. When the fluid flows from the
pump to the energy production system, the pressure dropped
both on the friction of the flow with the tube’s wall in tubing
and on packed-bed gel beads in the cylinder.

The pressure drop in the tubing was estimated to be 11.2 Pa
during swelling and 18.7 Pa during deswelling, utilizing the
Darcy—Weisbach equation (eq 7) where d = 3 mm, L = 0.5 m,
p = 1000 kg/m?, y = 8.9 X 107* Pas, and the volumetric flow
rates (Q) are 3 mL/min and S mL/min for the deswelling and
swelling processes, respectively. The energy lost in the system
due to the pressure drop in the tubing is calculated by eq 9,
adding up for the 10 min deswelling and 50 min swelling
processes. For the utilized system, the energy lost in the tubing
is about 5 mJ for each cycle, which is significantly lower than
the power generated by the osmotic engine (Figure 4). In
order to examine how the tubing length and diameter will
affect this energy loss, E, was also calculated for other tubing
lengths and diameters (keeping the remaining factors
constant). As can be seen from Figure S, the energy lost in

10° SR T T T T T T T
o — 0.5 m tubing
- 1.0 m tubing
104 ------ 2.0 m tubing|
= .
2
5 1023
=
£
8 10°;
>
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]
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0 1 2 3 4 5 6 7 8 9 10
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Figure 5. Theoretical energy lost in the tubing during the 1 h
shrinking/swelling process as a function of the tubing diameter for
three different tubing lengths. The red circle indicates the diameter (3
mm) and length (0.5 m) used in the experiments.

the tubing is strongly dependent on the tubing diameter, and
very thin tubing should be avoided since this would
significantly reduce the efficiency of the osmotic engine. The
length of the tubing is less critical than the tubing diameter, but
long tubing should be avoided.

The pressure loss in the hydrogel cylinder is mainly due to
the hydrogel beads, as described by the Ergun equation (eq
10). The hydrogels deswell in seawater and swell in fresh
water, as shown in Figure 3a. It is difficult to accurately
estimate the volume fraction occupied by the flowing liquid
(&). If we look at theoretical calculations, € is 0.26 for closely
packed spherical particles’*** and about 0.36 for randomly
packed monodisperse spheres.*”** For randomly packed
ellipsoid particles, £ can decrease to 0.27.** In addition, a
polydisperse size distribution is expected to increase the
packing density, which can reduce ¢ further down to 0.2.** As a
further complication, hydrogels are deformable, especially
when subjected to an external load. In extreme cases, highly
deformable particles can have & lower than 0.02.*° For the

utilized cylinder with a diameter of 4.2 cm, the superficial
velocities are 3.6 X 107° and 6.0 X 107> m/s for flow rates of
3.0 and 5.0 mL/min, respectively. The average diameter of the
swollen gel particles is estimated to be approximately 1—2 mm.
The pressure loss in the system will vary through the
shrinking/swelling cycle since both the size of the gel particles
and the height of the gel in the cylinder change. The volume
change of the hydrogel particles at different stages in the cycle
is calculated, assuming that it is proportional to the volume
change of the total hydrogel bulk in the cylinder. The power
lost in the gel cylinder is determined by P, = QAp. An
example of the variation in P, throughout one cycle is
illustrated in Figure 6. The energy lost in the hydrogel cylinder
(E.) during the shrinking/swelling cycle can be found by
integrating the area under the curve in Figure 6.

3.0x10° 1

2.0x10° 1 i

Lost Power (W)

1.0x10% .

0.0

0 600 1200 1800 2400 3000 3600
Time (s)

Figure 6. Power loss as a function of time during one shrinking/
swelling cycle for PAA-PSSAL1.5, assuming a swollen hydrogel particle
size of 1.0 mm and & = 0.2. The energy lost during the cycle can be
found by integrating the area under the curve.

If there is an ample space between the hydrogel particles
(high €), the liquid can easily flow through the gel, and the
pressure loss will be small. However, when the voids between
the gel particles are small and few (high ¢), the pressure drop
becomes significant. Figure 7 shows the energy lost by
pumping through the hydrogel cylinder as a function of e.
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Figure 7. Energy lost by the pressure loss when pumping the liquid
through the hydrogel column as a function of volume fraction
occupied by the flowing liquid (¢) for two different sizes of the
swollen gel particles.
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Even for a polydisperse particle distribution where & = 0.2, the
lost energy is much smaller than the energy produced (Figure
4). However, hydrogels are soft materials that will deform
under external Jpressure. The more the hydrogel deform, the
smaller the ¢ is.” When & becomes very low, the energy lost by
pumping through the gel becomes a significant factor that
approaches (and eventually surpass) the produced energy. It is
therefore essential to utilize hydrogels with low deformation
under external pressure. Increasing the cross-linking density is
expected to result in stronger hydrogels with less deformation.
However, high cross-linking densities will also reduce the
degree of swelling (Figure 2), which might decrease the
amount of energy produced by the system. Figure 7 also
illustrates that increasing the size of the hydrogel particles
significantly reduces the energy lost by pumping through the
hydrogel cylinder. Utilizing monodisperse spherical hydrogel
particles (¢ = 0.36) is also a great advantage compared to
broad particle size distribution (& = 0.2).

Since the hydrogel particles are polydisperse, an estimated
average size is utilized in eq 10. When comparing the hydrogels
with different cross-linker concentrations, we can compare
them assuming the same average diameter of either the swollen
or the deswollen hydrogel particles. Since the swelling profiles
are not the same for the three hydrogels (Figure 3a), this gives
different results. Figure 8 illustrates that increasing the cross-
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Figure 8. Effect of hydrogel cross-linking density on the energy lost
when pumping through the hydrogel cylinder.

linker concentration, assuming the same size of the swollen
particles, decreases E_. at a constant & while the trend is
opposite assuming the same size of the deswollen particles.
However, the effect of cross-linking density is modest for both.
The opposite trends illustrate that the differences are mainly
due to the size of the hydrogel particles. A lower cross-linking
density has a larger size difference between the swollen and
deswollen particles (Figure 2). Since larger particles reduce the
energy loss (Figure 7), this causes the observed trends in
Figure 8. It is however important to note that a higher cross-
linker concentration will probably reduce the compressibility
of the hydrogel particles, thereby increasing e. This could
significantly reduce the actual energy loss in the system.

This energy lost by the pressure drop in the hydrogel
cylinder is also dependent on the diameter of the hydrogel
cylinder. If we keep the amount of hydrogel constant,
increasing the diameter of the hydrogel cylinder significantly
reduces the energy lost in the system (Figure 9a). This is
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Figure 9. (a) Effects of increasing the diameter of the hydrogel
cylinder, keeping the amount of hydrogel constant, with volumetric
flow rates of 3 and S mL/min for the deswelling and swelling
processes, respectively. (b) Effects of increasing the diameter of the
hydrogel cylinder, scaling up the volume of the swollen hydrogel
proportionally to the increased volume of the hydrogel cylinder and
keeping the superficial velocity constant at 3.6 X 107 and 6.0 X 107
m/s for the deswelling and swelling processes, respectively. The
diameter of the swollen hydrogel particles is set as 1.0 mm.

because the height of the hydrogel within the cylinder will
decrease, thereby giving less resistance to the flow. However,
for scaling up, it would be natural to increase both the amount
of utilized hydrogel and the flow of liquid through the system.
The inset in Figure 9b shows the energy lost in the hydrogel
cylinder when the volume of the swollen hydrogel is raised
proportionally to the increased volume of the hydrogel cylinder
while keeping the superficial velocity constant at 3.6 X 107°
during deswelling and 6.0 X 10~° during swelling processes.
Under these conditions, E_ increases linearly as D, becomes
higher. However, increasing the amount of hydrogel utilized in
the system will also result in a higher energy production. By
normalizing to the energy lost per liter of swollen hydrogel
(Figure 9b), it is clear that scaling up the whole system reduces
the energy loss per volume unit of hydrogel. This of course
raises the question of how the produced energy per volume
unit of the hydrogel changes when the system is scaled up.
3.4. Scaling Up the Osmotic Engine. In order to
examine scaling up of the osmotic engine in more detail, a
system utilizing a 240 mm hydrogel cylinder was built up.
Utilizing about 3 L of fully swollen PAA-PSSA1.5 hydrogel, the
energy produced is about 31 J during one cycle (eq 2) for this
larger system. With the utilized tubing, the pressure loss in the
tubing is about 5% of the produced energy. Utilizing a larger
tubing diameter is an easy measure to reduce this energy loss.
The measured pressure applied to keep the desired flow rates
of the freshwater and saltwater is shown in Figure 10. The
pump needs to supply a significantly higher pressure during the
swelling process to compensate for the pressure drop in the
system. A corresponding pressure drop was not evident for the
deswelling process since the osmotic engine is designed to
apply a much lower pressure on the hydrogels during the
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Figure 10. Measured pressure of the pump supplying water that is
flowing through the hydrogel and the height of the hydrogel in the
cylinder as a function of time during one deswelling/swelling cycle.

deswelling process. This will cause less deformation of the
hydrogels, resulting in a higher & and thereby a smaller
pressure loss.

Since the pressure drop (Ap.) can be calculated by the
Ergun equation (eq 10), the pressure change could be used to
estimate the volume fraction occupied by the flowing liquid (¢)
by

By =P T AR (11)

where p,, is the measured pressure of the water pumped
through the system and p, is the supplied pressure for a system
without the pressure drop from the water being pumped
through the hydrogel cylinder. Assuming a constant & value,
the size of the hydrogel particles varies with the degree of

H

1/3
H_l] , where d, 4 is the minimum size

swelling as d, = dp,ds[

of the deswollen particles (estimated as 1 mm) and Hy, is the
height of the hydrogel in the cylinder in the deswollen state (3
cm).

However, when trying to fit the pressure change during the
swelling process utilizing eq 11 (substituting in eq 10 for Ap,
and letting d,, vary with the degree of swelling), the resulting
fitted curve did not even remotely follow the experimental data
(dotted line in Figure 11). Since the swollen hydrogel particles
are expected to have weaker mechanical properties than the
corresponding deswollen particles, it is reasonable to assume
that the swollen particles will deform more under the applied
external pressure. A higher deformation will reduce &.*
Looking at how the pump pressure varies with the height of
the hydrogel in the cylinder during the swelling process
(Figure 11), it is clear that the pressure loss in the system
increases sharply as the hydrogel starts to swell, before it
stabilizes at high swelling degrees. Assuming that this form of
the curve is due to variations of €, an empirical equation for &
was designed to correspond to the form of the experimental
curve:

B
e=¢g, + [, — eo]exp[—(l) ]
H (12)

where g is the plateau value that € approaches when the gel is
fully deswollen and &, is the plateau value that & approaches
when the gel is in its fully swollen state. 7 is the hydrogel height

Height of gel in cylinder (cm)

Figure 11. Measured pump pressure as a function of the height of the
hydrogels during the swelling process together with the fitted curve
according to eq 15, and & calculated based on the fitted values. The
dotted line illustrates a fit to the data where ¢ is assumed to be
independent of the degree of swelling. The inset plot illustrates how &
varies with the degree of swelling of the hydrogel particles.

where the curve starts to rise, and f is a parameter related to
how fast the values are changing during the transition.
For a system where € changes during swelling, d, will vary as

(1-¢e)H }1/3

g =d | L eH
P P‘ds[(l - gds)Hds

(13)

where g4 is the value of € when the hydrogel particles are in
their deswollen state:

B
T
g, = & + [&, — golexp| — o

ds (14)
Combining eqs 10—14 gives
=p +
oo = h ley — 0@ + eal’
150u(1 — &, + £ga — £,0) u
2
d (1 — &y + eqa — £ )H 1/3
pds (1 = &g+ £904; — Exog) Hye
1.75(1 — &, + ey — e ,@)pul
d (1—¢y+ gpa — ga)H 1/3
PrAs| (1 — g+ £y, — et Hys
(15)

«\/ <\
where a = exp(—(g) ) and a4, = exp —(H—) . However,
ds

Po is not independent from the other variables, and in order to
avoid overparameterization of the fitting procedure and
interdependent variables, p, can be expressed as py = proras —
Ap_ 4y where Ap_g, is the pressure drop through the deswollen
hydrogel:
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and pio g, is the total pressure when pumping through the
deswollen hydrogel. pio 4, = 5194 Pa was estimated by using
the average value of the plateau (first 30 min in Figure 10).
Accordingly, the pressure in Figure 11 can be fitted as

Hy

3
€0 = €04 T Eligs)

S

ptot = ptot,ds - (

1S0u(1 — &) + gty — €xa)’ 8y

2
dp,ds

1.75(1 — &y + £y0y, — £,05) U’
d

p,ds
H

le, — £, + e.al’

+
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2
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PrAS| (1 — £+ £y, — eutta) Hys

1.75(1 — &, + eg — e,2)pul
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PrAs| (1= g+ £ty — £ty Hy

(17)

Although very complex, eq 17 only has four floating variables
during the fitting procedure (&, €, 7, and ). Since the fitted
value of 7 gave values very close to the initial height of the
deswollen hydrogel (3 cm), 7 was fixed at this value in order to
further reduce the number of floating parameters. It should be
noted that the equations are based on spherical particles, which
will not be the case for deformed particles. However, the
resulting apparent values are expected to give reasonable trends
that can provide a better understanding of the system. As can
be seen from Figure 11, the resulting fitted curve corresponds
reasonably well with the experimental data. The resulting fitted
values are €, = 0.24, g, = 0.025, and f = 39, resulting in &4, =
0.1S. Utilizing these values, € was calculated as a function of
the swelling height and the degree of swelling of the gel
particles (Figure 11).

Utilizing the varying € values during the swelling process but
keeping the same value of € as for the fully deswollen particles
during the deswelling process (since the supplied pressure is in
the same range), the power lost in the osmotic engine can be
estimated more accurately (Figure 12). There is a very
significant power loss during the swelling process, resulting in a
total energy loss of 66 KJ.

Comparing the scaled up osmotic engine with the smaller
system (Figure 13), it is clear that the smaller system produces

18
16
141

-
N
1

Lost power (W)
]
1

0 y y T T T T
0 1000 2000 3000 4000 5000 6000
Time (s)

Figure 12. Power loss as a function of time during one shrinking/
swelling cycle for PAA-PSSALS in the scaled up osmotic engine.
Assuming a deswollen hydrogel particle size of 1.0 mm, € is varied
according to the fitted values during the swelling process, but utilizing
the & value for the shrunken gel particles during the deswelling
process. The energy lost during the cycle can be found by integrating
the area under the curve.
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Figure 13. Produced energy and the energy lost by pumping through
the hydrogel cylinder, both normalized for the utilized volume of the
shrunken hydrogel, for the small and large osmotic engines.

much more energy per volume of deswollen hydrogel. Some of
the challenges for the scaling up is that the produced energy
goes through a maximum when the weight of the external load
is increased,”” as high weights become too heavy for the gels to
lift. The differences in produced energy might therefore be
caused by the two osmotic engines exposing the hydrogels to
dissimilar counter pressures. Accordingly, the pressure that the
gels work against in the scaled up osmotic engine needs to be
optimized.

Utilizing the varying € values determined from the scaled-up
osmotic engine, we can obtain better values for the energy loss
in the small-scale system (assuming that ¢ is the same for the
same degree of hydrogel swelling for both). In Figure 13, the
energy lost by pumping through the hydrogel (compensated
for the total hydrogel volume) is significantly smaller for the
large-scale system. This is mainly caused by two effects: (i) the
larger cylinder diameter of the scaled-up system is expected to
reduce the energy loss (Figure 9b), and (ii) the hydrogel in the
smaller scale system swells about 2.7 times more than in the
larger osmotic engine. Since € decreases strongly with hydrogel
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swelling (inset in Figure 11), this will enhance the energy loss
for the small-scale system.

Comparing the produced energy with the lost energy for the
two systems (Figure 13), the energy lost is significantly larger
than the energy produced for both systems. This illustrates the
need for optimizing both the osmotic engines and the
hydrogels for better overall efficiency. The main cause of the
high energy loss is the extremely low & values for the swollen
hydrogels, caused by hydrogel deformation under the applied
pressure. Accordingly, designing hydrogel systems that deform
less under external pressures is essential for achieving an
overall energy production.

4. CONCLUSIONS

Utilizing hydrogels consisting of a semi-interpenetrating
network of poly(4-styrene sulfonic acid-co-maleic acid) sodium
salt and polyacrylic acid, the small-scale and large-scale osmotic
engines were compared to analyze the energy loss due to the
power loss in the systems. Unless very thin or extremely long
tubing is utilized, the energy loss in the tubing is small
compared to the energy produced by the osmotic engines.

The energy loss in the cylinder containing the hydrogel
becomes smaller as the cylinder diameter is increased and
when the size of the hydrogel particles is raised. However, the
most pronounced effect is the volume fraction occupied by the
flowing liquid (&). Highly deformable particles give a very low
€ value and thereby a huge energy loss. Analyses of the
variation of the power supplied by the liquid pump show that €
varies with the degree of swelling. An empirical equation was
developed to estimate how ¢ varied through the swelling
process. It was found that the hydrogel particles become much
more deformable when they swell, which reduces € and causes
a substantial energy loss in the system.

Stronger hydrogels that deform less under an external load
will significantly reduce the amount of energy lost by pumping
through the hydrogel cylinder. However, this improvement of
hydrogel mechanical properties needs to be balanced against
their ability to swell since reduced swelling will reduce the
amount of energy produced by the system. The osmotic engine
can be optimized by having a large diameter of the hydrogel
cylinder, thereby reducing the height of the hydrogel through
which water needs to be pumped. In addition, the pressure that
the hydrogel pushes against affects both the produced energy
and the energy loss and should therefore be optimized with
respect to both of these factors.
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