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Abstract

Salinity energy generation (SEG) studies have only been done under isothermal conditions at
ambient temperature. The production of salinity energy can be improved under non-isothermal
conditions, albeit preserving the energy efficiency. In the current study, effects gradients of
temperature and concentration were examined simultaneously on the salinity energy generation
process. Based on the temperature-dependent properties resulting from both temperature and
concentration gradients, a numerical study was carried out to determine the maximum
efficiency of salinity energy generation in funnel-shaped soft nanochannels. It was presumed
that a dense layer of negatively charged, called as polyelectrolyte layer (PEL), is coated on the
walls of nanochannel. Co-current and counter-current modes were used to implement
temperature and concentration gradients. At steady-state conditions, the Poisson-Nernst-
Planck, Stokes-Brinkman, and energy equations were numerically solved by using equivalent
approaches. The results revealed that by increasing the temperature and concentration ratios at
both co-current and counter-current modes of operation, the salinity energy generation
increased appreciably. The salinity energy generation increased from 30 to 80 pW by increasing
the temperature ratio from 1 to 8 at constant concentration ratio of 1000 in the counter-current
mode. As verified from this analysis, low-grade heat sources (<100 °C) provide considerable
energy conversion in a PEL grafted nanofluidic confinements when placed between electrolyte
solutions having different temperatures.
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1. Introduction

Growing demand of non-conventional energy is persistent over the years, attributed
primarilly to the threating concern of environmental pollution linked with conventional energy
generation from fossil fuels. This aspect compelled researchers to develop several sustainable
methods of harvesting non-conventional energy in recent years over disperate scales of system
115 The non-conventional energy generation from sources such as biomass, solar, waves,
hydro, wind, and salinity gradient energy, being an important topic in the 21st century, has
recevied significant attention as a clean energy sources '©2!. Among many such soucses, the
salinity gradient energy resulting from Gibbs energy of mixing, which is generated by
combining liquids that have different concentrations like sea and river water, holds the
promising capability of high-potential electricity generation due to its abundance 2> 2. Today,
salinity-gradient reversible electrodialysis (RED) and pressure-retarded osmosis (PRO)
provide the best methods of utilizing both technologies 2% 2°. The RED system, which is
inherently associated with the miniaturized systems, has received the most attention 2627,
When nanochannels/nanopores connect two large tanks containing electrolytes of different
concentrations, the salinity-gradient reversible electrodialysis (RED) sets in 283!, An electrical
charge inside the nanochannels filled with electrolytes causes a change in the electrolyte
concentration to neutralize the charge on the surface. This process results in the formation of
an electric double layer within the electrolyte and on the nanochannel surfaces, where counter-
ions predominate over co-ions 323*. Nanochannels act as ionic selective structures on the
counter-ions in the electrolyte, while repelling the opposite co-ions due to the formation EDL
thickness (1 to 100 nm, which is of the order of channel diameter at the nanoscale) 33-37. The

ion-selective behaviour of channels, coupled with the tendency of ions to migrate between the
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high and low concentration reservoirs, results in a net diffusion current. With the use of an

external circuit, the diffusion current can be converted to an electric current 3840,

Concerning with the advancement of RED technology, nanoscale systems are attracting
increasing attention to the reserchers primarilly due to their higher power density than
conventional systems. To understand how micro-/nanosystems activate as well as promot the
RED, researchers have conducted numerous experimental as well as theoretical studies 4. From
the reported literature it is seen that solid-state and cylindrical nanochannels have been favoured
in most of the analyses pertinent to this paradigm. Performing experimental investigations, Liu
et al. identified a way to make a carbon membrane with 67 W /m? power density, which is twice
the size of the conventional membranes 2. A maximum conversion efficiency of 45% was
obtained using three types of salts modelled by Yeh et al using ion-selective conical-shaped
nanopores “>. A study conducted by Kim et al. 4 used a nanoscale porous silica and KCl
electrolyte to create power from silica, and resulting in a power density of 7.7 W/m?. Kim et
al. ¥ claimed that they were able to produce 543 nW of energy from nanopores with a mean
pore radius of 10 nm using NaCl solutions in alumina. Using alumina nanopores, through
extensive finite-element-based numerical simulations, Kang et al. 2> were also able to obtain
energy densities of up to 9.9 W/m?.

There are many factors that may affect RED performance, such as concentration ratio,
temperature ratio, electrolyte nature, geometry of nanopores and nanochannels, pH, surface
properties, and surface charge density !!-46-31, Due to the dependence of surface phenomena
on wall properties, researchers are interested in figuring out ways to manipulate the surface to
achieve desired characteristics. For the purpose of regulating interfacial interactions, in many

situations, a penetrable polyelectrolyte layer (PEL), also known as the soft layer, is applied
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to the walls of nanochannels 3237, Polyelectrolyte layer is frequently utilized to change the
surface of inorganic and organic nanochannels, so imparting them with a versatile quality and,
consequently, an ICR nature. For instance, Zhang et al.’® discovered that a glass conical
nanopore modified by poly[2-(dimethylamino)ethyl methacrylate], a smart homopolymer
capable of undergoing conformational transitions triggered by pH and temperature, exhibited
ICR behavior. Umehara et al. °° demonstrated that a nanopipette coated with poly-L-lysine can
enhance ionic current and provide rectification in the opposite direction of an uncoated
nanopipette. Deng et al. ® discovered, in an investigation of the ICR of a glass nanopipette
coated with PEI, that its rectification factor has a local maximum as the bulk salt concentration
varies, regardless of the presence of a salt gradient. The coating of materials on a nanopore also
allows for the estimation of the pKa of the coating materials via the experimentally determined
pH—ionic current relationship. Liu et al. ®' measured the pKa of polyethyleneimines (PEIs) by
depositing them on a glass nanopipette. For energy production applications Khatibi et al. 62
reported that conical soft nanochannels could produce power output densities of up to 51.5%
when KCI concentration gradients were applied along the nanochannel. In a separate study, the
same authors obtained a power density of 75W/m?, by considering the ion partitioning
properties for cone-shaped soft nanochannels 3.

However, previous studies of the SEG process, as reported in the referred literature, are
restricted to an isothermal operating condition. It is common as well as intutive to maintain the
operating temperature at the same level as the ambient temperature. As such, systems have
never been examined in conjunction with varying operating temperatures > . When a
temperature gradient is imposed across a nanochannel, ions tend to mitigate from the hot to
cold region due to the Soret effect, which is inherently responsive to such gradients %-67. When

ion transport in nano and microchannels is driven by thermal gradients, the effect is actually

4

Page 4 of 36



Page 5 of 36

Physical Chemistry Chemical Physics

similar to streaming potential, which can be measured using the principle of Soret effect
essentially to analyze the effect of ionic motion during temperature gradients !. Long et al. have
shown that a counter-diffusion temperature gradient enhances the membrane potential and the
electrical efficiency of thermally insulated nanochannels, thus enhancing ion selectivity > 8,
Karimzadeh et al., %° explored that the ion selectivity improves when the temperature- and
concentration gradients are applied in opposite directions, mainly attributed to the temperature-
dependent properties of ionic transport in conical soft nanochannels.

Nanochannels are produced in a variety of symmetric and asymmetric configurations to
give almost realistic models for ion transport. The conical, bullet, trumpet, and cigarette
nanochannels have been the focus of a significant amount of study leveraging asymmetries in
shape to induce ICR and electrokinetic energy harvesting. This is mostly owing to the fact that,
in asymmetric nanochannels, the overlap of EDLs generated on the channel walls changes,
hence enhancing the ICR and electrokinetic energy harvesting. In contrast, if EDLs overlap in
symmetric nanochannels, the result is a uniform overlap and does not result in rectification !6:
62,63 Tn addition to the influence of geometry on ion transport behavior, it is feasible to make
nanochannels sensitive to environmental changes such as variations in temperature,
concentration, voltage, and pH by altering their surface. As a consequence, the efficiency of
these systems rises, making them a possible future option for producing sustainable energy 7>
70

Various shapes of nanochannels have been described, including cylindrical, hourglass-
shaped, cigar-shaped, bullet-shaped, conical, and dumbbell-shaped nanochannels.
Nevertheless, previously described nanochannels, such as conical nanochannels, have just a

brief critical zone at the tip, resulting in poor controllability of the orientation and amount of
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ionic rectification 7. To achieve more complex functions, it is required to examine a unique
solid-state nanochannel system with a longer critical zone that is precisely controlled by its
asymmetric shape. Herein, we modelled nanochannels in the shape of funnels with three
components: a conical section, a spout, and a cylindrical segment (Fig. 2b). Compared to
conical nanochannels, the funnel-shaped nanochannels display higher asymmetric ion transport
capabilities.

In this study, the osmotic current and diffusion potential in funnel-shaped soft
nanochannels were thoroughly investigated. For this purpose, we simultaneously solved the
Stokes-Brinkman, Poisson-Nernst-Planck, and energy equations following benchmarked
numerical methods. A two-mode gradient was examined for the system, namely co-current (the
gradients of temperature and concentration take place in the same direction, i.e., type I) and
counter-current (the gradients of temperature and concentration take place in opposite
directions, i.e., type II). These gradients were further studied for investigating their effects on
transference number, osmotic current, diffusion potential, maximum efficiency of salinity
energy generation, and the total generated salinity energy.

2. Problem definition

A funnel-shaped soft nanochannel, operated in both modes of type I (co-current mode,
i.e., the concentration and temperature gradients are in the same direction) and type II (counter-
current mode, i.e., the concentration and temperature gradients are in the opposit direction), is
considered in this analysis as schemtiaclly illustrated in Fig. 1. As a result of the prevailimg
quasi-steady-state conditions, several functionalities set-in in the nanochannel like the osmotic
current, diffusion potential, and the transport of fluid owing to the electroosmotic effect. A

dense polyelectrolyte layer (PEL) of particular thickness is coated at the interior/ exterior parts
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of the negatively charged walls of the nanochannel '6 17, As shown in Fig. 2a, the nanochannel
has a funnel-shaped geometry and consisting of a conical and a cylindrical sections. The
physical dimensions of the chosen flow configuration are given as follows: length of the
conical section: Ly, length of the cylindrical section: Ly, the radius of two equal-size large
reservoirs: Ly, the tip and base radius: Ry and R, respectively. Addtionally, the width of PEL
is considered as Rg. The reservoirs are sufficiently large so that the end effects can be ignored
in the undelrying analysis. Taking into account the channel's symmetry around its central axis,
the calculations are performed only at the symmetry half portion of the chanel i.e., for half of
the nanochannel essentially to minimize the computational time . Two electrodes are placed
in the channel, wherein the left electrode functioning as the working electrode, and the right
electrode grounding the channel. The gradients of concentration and/or temperature, which is
created across the reservoirs in the desired direction, result in an osmotic current to flow through
the nanochannel. According to Fig. 2a, the cylindrical coordinate system (r, z, 0) is used for the
description of the funnel-shaped nanochannel, with its origin located on the axis of the

nanochannel which runs through the left wall of the tank 62,

It should be noted that, depending on the wall surface qualities, a temperature gradient
serves as an external field on ionic transfer species in micro/nanochannels and forces the ionic
species toward the cold or the warm. We examine the nature of ionic transport in charged
nanochannels and how a temperature gradient generates companion fields. Special attention is
placed on the thermal response of the electrolyte solution: positive and negative ions travel
along the temperature gradient, therefore generating a thermoelectric field that operates on the

ionic species 7172,
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Low (High)
Temperature

High (Low)
Temperature

Fig. 1. The schematic of a funnel-shaped soft nanochannel subjected to the gradients of concentration

and temperature. The interior/exterior walls of the channel are covered with a PEL.

2.1. Problem formulation

In order to arrive at Eqs. (1) to (5), which are the pertinent equations governing the
underlying transport of the problem chosen in this analysis, the following assumptions are
made: the system is at steady-state, flow sceneraio is in the creeping regime, and electrolyte is
KCI solution, i.e. a Newtonian incompressible fluid. As a consequence of the non-isothermal
flow conditions established in the nanochannel due to the applied temperature gradient, the
physical properties of the electrolyte solution such as diffusivity, viscosity, permittivity, thermal
conductivity, and density are affected by temperature and assumed to temperature-dependent as
well. Several pertinent properties and their functional form with temperature are provided in
Table 1. Meanwhile, several terms appearing in Eqgs. (1)-(3) are dscirbed as follows. The
electrolyte solution viscosity: p, diffusion coefficient of ionic species in the electrolyte: D; (
j = 1 for cations (K*), andj = 2 for anions (Cl ~)), the electrolyte permittivity: €, the thermal

8
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conductivity coefficient of the electrolyte: k, while p, u, ¢, Nj, and T denote the hydrodynamic
pressure, flow velocity, electric potential, flux of ionic species, and temperature, respectively.
Accordingly, consistent with the asumptions taken here, the relevant equations, which are the
Poisson-Nernst-Planck with thermal diffusivity, Stokes-Brinkman equation, and energy

equation, take the following form as !6:17. 62, 63,69

PE + ippEL

Vg=——" i=0,1 (1
ZjFCj

V. N]' =V. (C]'ll — D]'VC]' — D]'STC]'VT — Dlﬁvq)) =0 (2)

V-u=0 3)

uV?u —Vp — ppVep —iyu =10, i=0,1 4)

pCou.VT +kV2T =0 5)

Note that the constant charge density of the soft layer is ppg;, = €Zpg Npgr,where e, Zpgj, and
Npg, stands for the charge of electron, the valence, and the number density of the PEL fixed
charged groups, respectively. The ionic density of the mobile ions in the electrolyte is
defined as pg = ijz ,ZiFcj, where z; and ¢; are the charge numbers and concentrations of ionic
species in the electrolyte, respectively. The Nernst Planck equation is corrected with the Soret
effect and the term St appearing in Eq. (2) represents the Soret coefficient. It should be noted

the Joule heating and the viscosity dissipataion effects, respectively, are the functions of the
applied voltage. However, acounting for a minimal voltage in this case, impact these two effect

is ignored in the analysis as witnessed in Eq. 5. Also, the term y = A%upg;, in Eq. (4) represents



Physical Chemistry Chemical Physics

the friction coefficient, while terms F, R, Cp, p and T in aforementioned equations denote the
Faraday constant, universal gas constant, specific heat capacity, fluid density, and the absolute
temperature, repectively. A step function is defined as i being 0 and 1, outside and inside of
the PEL, respectively 7> It is worth mentioning here that Egs. (1)-(5) are solved considering
a set of boundary conditions, whish are listed in Table 3 and shown in Fig. 2b as well %63, It
should be noted that considering the creep flow regime in modified nanochannels with a soft
layer, the effect of the convection term created by fluid motion and temperature gradient is
insignificant. Therefore, according to Felderhoff's point of view, the created friction force
cannot lead to the deformation of the soft layer. On the other hand, modifying the surface of
the nanochannel into a soft layer leads to strengthening the electroosmotic flow.

Table 1: The properties of the physical system that change with temperature.

Parameter Correlation Description Ref.

c 80(31 +biT + C1T2) Relative pemittivity of .
fluid

k ay + byT + ¢ T? + d, T3 Heat conductivity [

p ag + bsT + c3T? + d3T3 Fluid density 73

Cp ag + byT + ¢4 T? + d T3 + e, T Specific heat capacity B

bs
M a5exp(? +csT + d5T2) Fluid viscosity &
B ag + beT Electrolyte variable ®
. .. + .

Dy + a;(1 + by(T — 293.15)) D1ffusw1.ty of K™ in 75
fluid

Dgi- ag(1 + bg(T — 293.15)) Diffusivity of CI~ in 75
fluid

St ag(1 — exp ((bg — T)/co)) Soret coefficient 76

Table 2: The constant parameters listed in Table 1.

No. a b C d e
1 2.51 x 102 —8.00x 10! 7.38 x 104 — —
2 —8.70 x 101 8.90 x 103 —1.58x10° 7.98 x 10 ~? =

10
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No. a b C d e
3 8.39 x 102 0.14 x 10? —3.00x 1073 3.72x 1077 —
4 1.20 x 10* —8.04 x 10? 310x 107! —5.38x10~* 3.63x 1077
5 1.86 x 10 ~1* 4.21x 103 453 x 102 —3.38x107° -
6 1.91 x 101 —5.648 x 10 ~* - - -
7 1.96 x 10~ 2.50 x 10 2 - — —
8 2.03x107° 2.50 x 10 2 — = =
9 9.80 x 103 2.93 x 102 1.02 x 10? — —

Table 3: Boundary conditions considered for the computational regions illustrated in Fig. 2a.

Interfacial  Electrical potential Tonic mass transfer Flow Field Heat Transfer
Surfaces (Eq. 1) (Eq. 2) (Eqgs.3 and 4) (Eq. 5)
electrically neutral ion-impervious non-slip insulation
= n.Vé =0oro, =0 nN, =0 u=0 nvq=0*
Q; Continuous at the PE layer—liquid interface
Q Grounded bulk concentration no external pressure Temperature
¢=0 ¢j=Cr p=0 T=Tg
Q constant voltage bias bulk concentration no external pressure Temperature
b = Vapp ¢ =Cy p=0 T=T,
Insulation zero normal ionic flux insulation
Qs slip boundary
nVe =0 nN;=0 nvq=0

* A note on q: it is equal to the heat flux.

Simultaneous effects those stemming from the prevailing concentration and temperature
gradients along side the applied voltage acorss the flow configuration drive the ions to move
along the nanochannel. The undelrying ion transport phenomenon leads to the development of

osmosis current, I, which is calculated as :

2

Ios= fF ZZ]N] ‘ndA (6)

=1

Where, A reperesents the cross sectional area of either reservoir.

11



Physical Chemistry Chemical Physics

Assuming that I, and I_ are the osmotic currents associated with Kt and Cl~ ions,

respectively, the transference number, t . , is given as !7:

I

G =T ™

According to its definition, t ; varies between 0 and 1. The channel is anion-selective if
0 <ty <0.5, and becomes cation-selective for 0.5 < t ;. < 1. It is worth to add here that, for
t + = 0.5, the channel does not show ion-selectivity .

Again by referring to Fig. 2b, effort is taken here to determine the efficiency of salinity
energy generation. The salinity energy generation would result in Egirr, Rpore» and Rigaq,
signifying the diffusion potentials, the inner resistance of channel, and the resistance of the
electrical load, respectively. Based on the terminology provided in Fig. 2b, the electric potential
created in the nanochannel, Vo, is calculated as % 63:

Vyore = Edgiff — IRpore = IR10aa (8)
Now, the salinity energy generated in the nanochannel, P, can be written as:

Ppore = 1V pore ©)

By using Egs. (8) and (9), the expression for the generated salinity energy yields as:

E2 Rload
diff
(Rload + Rpore) 2

Ppore = (10)

The efficiency of salinity energy generation 7, is defined as the ratio of the electrical power
retrieved from the nanochannel to the Gibbs free energy of mixing, and it mathematical

expression takes the following form 77:

12
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| Vpore

T]:

yHCH) (11)

N. +N_)RTIn
(N, +N_) (ncL

In Eq. (11), N4 (N _) represents the flux of cations (anions), and yy (y,) denotes the activity
coefficient of the electrolyte when the ionic concentration is high (low), Cy (Cp), respectively.

The activity coefficient of a strong electrolyte is given by following equation as 74:

—0.5114/Ts  (0.06 + 0.6B)I
+
1++/Is (1+ 1.51,)?

logyney = + Bl (12)

. 1 ..
Note that in Eq. (12) Is = 521.2= 1cl-zl-2 denotes the ionic strength, and B refers to the electrolyte
variable for KCL, as provided in Table 1.
Neglecting the non-linear influences, the maximum salinity energy P,,.y, 1S generated

when Vyore = Eqifr/2 and Ryore = Rjpqq- The maximum salinity energy reads as:

P - Edifr
max — 4‘Rpgrg

(13)

Considering Vpore = Eqirf/2 and Ny /N_=t, /(1 —t,), and recalling Eq. (12), the

efficiency corresponding to the maximum of generated salinity energy becomes:

Eg
(2t —1)( 2‘”)
- 14
—In
ziF \y.Cy

All of the variables in Eq. (14) are expressed in terms of the main physicochemical properties

of the problem except for E 4;fr, which is described by the following expression ’®:

13
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RT (vuCy
) (15)

Eqpy = (2t 4 — 1)ﬁ1n (VLCL

i

Substituting the expression of E;ff, as in Eq. (15), in Eq. (14), the formula of 77,4, is simplified

as:

Mmax = 0.5(2t . — 1)° (16)

Rload

Funnel-Shaped Nanochannel

Fig. 2. (a) 2-D view of the soft nanochannel including the reservoirs, the coordinate system with the
PEL, and schematic of a funnel-shaped nanochannel with the boundary conditions applied in simulation,
(b) a simple equivalent electrical circuit of the reverse electrodialysis process. The nanochannel, which
connects two identical large reservoirs filled with aqueous KCI solutions, has length of the conical
section Lyy, the cylindrical section Ly, the tip radius Rt and the base radius Rp. (Please note that (;

exhibits interfacial surfaces).

14
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2.2, Solution approach

Given that Egs. (1) to (5) are interdependent and highly nonlinear; the solution of these
transport equations implores a relevant appraco consistent with numerical method. In this
analysis, equations are solved by using the finite element framework of Comsol Multiphysics®.
In order to simulate the present problem in a combination of triangular and square meshes is
employed. The grid performance study of the chosen configuration is also conducted only to
determine the optimal mesh count. The results, as shown through the depiction of .. in Fig. (xx),
revealed that 40,000 meshes are sufficient to obtain the desired results without compromising
the desirted flow physics. Nonetheless, it may be mentione here that extremely fine meshes are
applied near the PEL to accurately capture the electric double layer (EDL) phenomenon. The
direct MUMPS solver with a maximum relative tolerance of 10 % is used for all the

simulations % 3.

3. Results and discussions

This study primarilly focuses on how the temperature and concentration gradients affect
the osmotic current and electroosmotic flow in a funnel-shaped nanochannel with built-in a
dense PEL at its inner wall surface. Interestingly, as seen from the present analysis, the
temperature and concentration ratios are found to be very vital to alter the underlying ionic
transport in the chosen configuration. The numerical values of several model parameters used in

the simulation are provided in Table 4.

Table 4: Physicochemical parameters considered in simulations.

Parameter Description Value
Cr Right tank bulk concentration 1 mM
CL Left tank bulk concentration 10 — 1000 mM
Tr Right tank temperature 10 —-80°C

15



Physical Chemistry Chemical Physics

Page 16 of 36

Parameter Description Value
TL Left tank temperature 10 —80°C
NpEL /N, Density of PEL fixed cgiﬁszrdivided by Avogadro’s 100 mol/m?

Zpg, Valance fixed charge ions in soft layer —1

Lgr Length of cylindrical reservoirs 200 nm

Ly, Length of conical Nanochannel section 500 nm

Ly, Length of cylindrical Nanochannel section 500 nm

Rp Bottom Radius 100 nm

R Top Radius 20 nm

Rs PEL Thickness 10 nm

ra Tonic Radius of C1 ™~ 33x1071%m
re Tonic Radius of K* 33x107%m
Tref Reference temperature 298.15K

kg Boltzmann constant 1.38 x 10 723 J/K
€ Permittivity of vacuum 8.854 x 10 " F/m

e Elementary charge 1.6022 x 10 ~1C

Faraday constant 96500 C/mol
R Gas constant 8.3145 ] /(mol.K)
A Friction factor 1x10°
C o
c= C_R Concentration ratio 10 — 1000
Ty,
Ar = ,ITR Temperature ratio 1-8

The nanochannels can demonstrate selectivity depending on the sign of the charge of PEL.

Throughout the present study, the charge of the PEL is considered as negative, which makes

the nanochannels selective towards the cations, i.e. K* ions !7.

We begin our discussion with the plot showing the current-potential-power curves of funnel-

shaped soft nanochannel as illustrated in Fig. 3. As can be seen in Fig. 3, the variations for both

16
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modes of type I and type II have been depicted by considering various temperature ratios (A7),
and concentration ratios (4¢). The ohmic behavior of nanochannels towards the conducting
current is shown by the linear decrease of the ionic current with an electrical voltage increment.
The ohmic behavior of the nanochannel implies that the electric voltage has no major effect
on the concentration of ionic species. The SEG generates small electric fields in the
nanochannels, which do not cause ionic concentration polarization. Thus, regardless of the
direction of the gradient, the greater is the concentration and/or temperature ratios, the greater
is the ionic current as witnessed in Fig. 3. Due to the ion-selective nature of the nanochannels,
the zero current-voltage and zero voltage-current curves are evident from the changes in the
diffusion fluxes of cations and anions on the I —V curves 2. This voltage and current are
referred to as Eq;rr and Ipg, respectively. As defined earlier, the maximum salinity energy is
generated when V. = Egifr/2, while one can use Eq. (13) to estimate this quantity. As can
be seen in Figs. 3(a) and (b), for the funnel-shaped nanochannel for both modes of type I and
type I, the transference number t . , increases with decreasing the value of concentration ratio
Ac. This observation is attributed to the overlapping phenomenon of electrical double layers
which are significantly developed on the nanochannel walls. On the other hand, t ; is seen to
be higher in the counter-current mode 4.

The slope of the straight lines in Figs. 3(a) and (b), i.e., Rpore, Which shows the [ —V
curves, is obtained based on Eq. (8) and seems to inversely proportional to electrical
conductance. As expected, the electrical conductivity increases with increasing the value of
concentration ratios. At different concentration ratios A, a variance in the ionic selectivity
behavior is apparent, and brings about a variation in the slope of electrical conductance. As

shown in Figs. 3(a) and (b), for higher A, a higher electrical conductance is obtained, resulting

17
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in a smaller slope, which in turn reveals a higher current transmission occurs in the
nanochannel. Furthermore, the ionic current is greater (less) in counter-current (co-current)
mode since where the gradients of concentration and temperature are in the same (opposite)
direction, the nanochannel acts as an amplifier (attenuator). At high concentration ratios, it is
remarkable to note the significant contribution of the diffusion that makes to the total ionic flux
to be larger than the migration of ions. The maximum salinity energy generation is also
increased with increasing the value of A, at counter-current mode, thus providing higher salinity
energy generation than the co-current mode; since the transference number for type Il is greater
than that for type I. Additionally, it is clear from Egs. (13) and (15) that since diffusion potential
is a strong function of transference number, and P,y 1s directly related to diffusion potential,
the maximum generation of salinity energy in the counter-current mode (type II) will be greater
than that in the co-current mode (type I).

Figures 3(c)-(d) show how increasing the value of temperature ratio increases both co-current
and counter-current ionic currents at a particular concentration ratio. Because of the rising
temperature, the Soret effect becomes more significant, which in turn, leads to an enhancement
of the ionic current in the process. As shown in Fig. 3(c), in the type I mode of operation, the
transference number decreases with increasing the temperature ratio, thus according to Eq. (15),
the diffusion potential also decreases. In line with the similar argument, this trend is reversed
in type II. As such, following this analogy, the salinity energy generated in type Il becomes

significantly higher than that generated in type I ¢°.
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Fig. 3. The current-voltage-power graphs at different concentration- and temperature ratios considering

(2),(c) type L and (b),(d) type 1L

Figure 4 illustrates the variation of osmotic current /o5 versus concentration and temperature
ratios, obtained for both co-current and counter-current modes. It is observed in Fig. 4(a) that
Ios increases with increasing the value of A, for both co-current and counter-current modes.
This variation is as expected because the ions in nanofluidic channels are more significant for
a higher bulk concentration (note that Cp is fixed). It should be pointed out from the depicted
variation in Fig. 4(a) that, the increasing dependence of Iys on A is observed irrespective of
which tank possesses the higher ionic concentration. As shown in Fig. 4a, g is higher in the

co-current mode than in the counter-current mode. The underlying physical reasoning behind
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this observation is as follows: in this state, the driving forces due to concentration and
temperature gradients are in the same direction, thus amplifying the ionic current in the process.
Figure 4(b) demonstrates the osmotic current in the funnel-shaped nanochannel obtained for
different temperature ratios for both co-current and counter-current modes. With an increase in
Ar, the osmotic current increases as seen from Fig. 4(b), and this observation is attributed to the
consequential effect of augmented Soret efect on the underlying transport. Therefore, by
increasing Sy (i.e., the mass flux created by a temperature gradient), the mobility of ions
increases; thus, the ionic current is amplified. In line with the observation as in Fig. 4(a), the
ionic current of the co-current mode is seen to be higher than the counter-current mode in this
present analysis 7.

Figures 5(a)-(b) present contour plot of the osmotic current as the function of concentration and
temperature ratios. As mentioned earlier, regardless of which tank has a higher temperature or
concentration, the osmotic current increases with increasing the magnitude of temperature and
concentration gradients. We have attributed this observation to the giant enhancement of the
number and mobility of ionic species. Additionally, it is observed from Figs. 5(a)-(b) that in
the co-current mode, the similarity in the direction of both gradients have positive effect on the
osmotic current, and consequently, on its development in the underlying phenomenon. On the
other hand, in the counter-current mode, the prevailing trend reduces the osmotic current as
compared to co-current mode due to the presence of resistance of driving forces against each

other 3.
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Figure 6 plots the dependence of the transference number t , (Figs. 6a,b), and the diffusion
potential Eg;¢r (Figs. 6¢, d), on the ionic concentration and temperature ratios for both co-
current and counter-current modes. Note that Fig. 6(a) reconfirms our previous result that a
decrease in the transference number is accompanied with an increase in the concentration ratio
for both co-current and counter-current modes. The transference number, irrespective of the
directions of the temperature and concentration gradients, decreases with increasing the value
of concentration ratio at a constant temperature ratio. According to Eq. (7), the concentration
ratio is adversely proportional to transference number because an increase in the bulk
cocentration dampens out the EDL overlapping phenomenon to the extent possible. Therefore,
while the flux of the cations is more significant than that of the anions for the smaller
concentrations, the ionic fluxes get closer to higher bulk concentrations, and results in a
reduction in the transference number. The EDL being formed occupies only a small fraction of
the nanochannel cross-sectional area when the concentration ratio is very large '°. Hence, it is
because of this reason, the transference number reveals a weaker dependence on the
concentration ratio. Important to mention, under these conditions, the number of ions in the
channel becomes so large that, despite the lower strength of the external electric field applied
along the channel, a considerable amount of electroosmotic flow occurs in the fluidic pathway.
In addition, as shown in Figs. 4(a)-(b), the osmotic current becomes higher in the co-current
mode than in the counter-current mode. So, in this state, more ionic species will pass through
the nanochannel, which in turn, will lead to a further reduction in the transference number.
Fig. 6(b) shows the transference number t , , in terms of temperature ratio, obtained at
constant concentration ratio for both co-cuurent and counter-current modes. As shown in Fig.

6(b), in the counter-current mode, the high temperature becomes closer to the selective section
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of the channel, and the counterions are seen to be more mobile than the coions. These effects
give rise to an increase in the transference number as witnessed in Fig. 6(b). On the other hand,
in line with our observation and the discussion pertaining to Fig. 3, in the co-current mode as
seen in Fig. 6(b), the trend is reversed 3.

Figure 6(c) confirms that an increase in either of the concentration and temperature
ratios is accompanied by an increase in the diffusion potential for both co-current and counter-
current modes. This is not unusual because the driving force of ion diffusion transport, i.e., the
concentration and temperature gradients, increases with increasing the magnitude of A and Ar.
In other words, with an increase in the concentration and temperature ratios, the number of ions
as well as mobility of ions increases; thus, the diffusion potential gets strengthened. In addition,
Fig. 6(d) shows the variation of the diffusion potential versus the temperature ratio at constant
concentration ratio for both co-current and counter-current modes. As seen from the depicted
variation in Fig. 6(d) and can be verified from Eq. (8) as well, the diffusion potential is found
to be a powerful function of the transference number. Also, in line with the reported
observation!” ©, the diffusion potential in the counter-current mode is seen to be more
significant than that in the co-current mode peratining to the present analysis as well.

Fig. 7 represents 3D contour for transference number and diffusion potential, mapped in the
plane of concentration and temperature ratios, for co-current and counter-current modes. As
mentioned in all panels of Fig. 7, for both co-current and counter-current modes, by increasing
the concentration ratio, the transference number (diffusion potential) is decreased (increased).
Also, at co-current (counter-current) mode, by increasing the temperature ratio, the transference

number (diffusion potential) is decreased (increased).
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The impact of the concentration and temperature ratios on the maximum value of generated
salinity energy (Ppqy), and the maximum efficiency of salinity energy generation (1,qy), at
both co-current and counter-current modes is illustrated in Fig. 8. As shown in Fig. 8(a), and
simultaneusly verified by Eq. (14), 14, decreases with increasing the value of concentration
ratio for both cases of co-current and counter-current modes, while it increases with increasing
the magnitude of diffusion potential and the transference number. Meanwhile, in sharp contrast
to the transference number, the diffusion potential being an increasing function of the
concentration ratio, the overall dependence of the maximum efficiency of salinity energy
generation on the concentration ratio relies on the interaction between the effects of
transference number and concentration ratio from one side and diffusion potential from the

other side. As mentioned earlier, in the co-current mode, both the transference number and the

26

Page 26 of 36



Page 27 of 36

Physical Chemistry Chemical Physics

diffusion potential have a decreasing trend. It is because of this reason the overlapping effect
of these two parameters on the efficiency of salinity energy generated as evident in Eq. (14),
directly reduces the 7,,,,. However, in the counter-current mode, the transference number
decreases, and the diffusion potential increases. The combined effects of these two factors in

the counter-current mode eventually lead to a decrease in 1,4, at a lower rate. Moreover, as
seen in Fig. 8b, for co-current (counter-current) mode, 7., decreases (increase) with
increasing the temperature ratio, and this trend shows similarity with the reported observation
62,63

As observed in Figs. 8(c) and (d), in both co-current and counter-current modes, the
maximum salinity energy generation increases with increasing the value of concentration and
temperature ratios. The underlying physical reasoning behind this observation is as follows. In
counter-current mode, by increasing the concentration and temperature ratios, the value of the
physical parameters controlling the maximum salinity energy generation (P,,.y), 1.€., the
diffusion potential and the osmotic current increases, leading to the enhancement of P,,4,.
Nevertheless, in co-current mode, albeit an increase in the concentration and temperature ratios
enhances the osmotic current, an increase (decrease) in diffusion potential is the consequential
effect due to increasing the magnitude of concentration (temperature) ratio. Note that the
maximum value of salinity energy generation for counter-current mode is more than that
obtained in co-current mode.
Fig. 9 illustrates 3D contour of the maximum generated salinity energy (Ppqy), and the
maximum efficiency of salinity energy generation (7,,4,), in the plane of concentration and
temperature ratios, plotted for both co-current and counter-current modes. As shown in Fig.
9(a), for co-current mode, with increasing the magnitude of concentration and temperature

ratios, the maximum efficiency of salinity energy generation gets decreased. Also, as witnessed
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in Fig. 9(b), at counter-current mode, with increasing the magnbitude of concentration

(temperature) ratio, the maximum efficiency of salinity energy generation is decreased

(increased).
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Finally, for better comparison, performance of the simulated soft funnel-shaped nanochannel
(current work) and other nanochannel geometries with different conditions (some recent works)
were compared as summarized in Table 5. As can be observed, the soft funnel-shaped
nanochannel simulated in this work shows a desirable power density. This work shows that the
considering temperature-dependent properties and also the temperature gradient as a driven
force can be used to improve power generation and performance of the maximum efficiency of

salinity energy generation, effectively.
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Table 5: Comparison of the nanochannels-based blue energy generation performance.

R Gomery e Coremion Temee o
Hsuetal. 7 Conical Solid-state Applied - 18.2
Kang et al. 22 Cylindrical Solid-state Applied - 9.9
Khatibi et al. 2 Conical Soft-state Applied -- 51.5
Kim et al. # Cylindrical Solid-state Applied -- 7.7
Khatibi et al. 6 Conical Soft-state Applied - 75
Lietal. 8 Cylindrical Solid-state Applied Applied 72
This work Funnel Soft-state Applied Applied 101

4. Conclusions

The system under consideration consists of a funnel-shaped soft nanochannel connecting
two cylindrical large reservoirs, filled with KCI electrolyte solution. First, the osmotic current,
transference number, diffusion potential, maximum efficiency of salinity energy generation,
and maximum generated salinity energy in the nanochannel were numerically investigated for
varying temperature and concentration ratios. Next, the Poisson and modified Nernst-Planck,
Navier-Stokes (Stokes-Brinkman), and energy equations were simultaneously solved using the
finite element method, and the simulated results were analyzed systemtaically. For the present
endeavour, results were obntained for both co-current and counter-current modes. Then, using
the osmotic currents which pass through the nanochannel, their current-voltage-power response
was examined. The main conclusions of the present analysis, which report the I, t 4, Eqiff,
Nmax> and P4, behaviors of the funnel-shaped soft nanochannel, are summarized as follows:
1) It was shown that the osmotic current and the maximum generated salinity energy are both

increasing functions of the concentration and temperature ratios for both co-current and
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2)

3)

4)

5)

6)

Physical Chemistry Chemical Physics

counter-current modes. In contrast, the dependence of the transference number, the
diffusion potential, and the maximum efficiency of salinity energy generation on the
concentration and temperature ratios are generally non-monotonic.

Irrespective of the directions of temperature and concentration gradients, the osmotic
current increases with increasing the concentration and temperature ratios and seen to be
always higher in the co-current mode.

The transference number at a constant temperature ratio continuously decreases with
increasing the concentration ratio for both co-current and counter-current modes. However,
the transference number at a constant concentration ratio decreases with increasing the
temperature ratio in co-current mode and increases in counter-current mode.

The diffusion potential at a constant temperature ratio continuously increases with
increasing the concentration ratio for both co-current and counter-current modes.
Nevertheless, the diffusion potential at a constant concentration ratio decreases with
increasing the temperature ratio in co-current mode and increases in counter-current mode.
The maximum efficiency of salinity energy generation at a constant temperature ratio
continuously increases with increasing the concentration ratio for both co-current and
counter-current modes. However, the maximum efficiency of salinity energy generation at
a constant concentration ratio decreases with increasing the temperature ratio in co-current
mode and increases in counter-current mode.

Regardless of the directions of the temperature and concentration gradients, the maximum
generated salinity energy increases with increasing the concentration and temperature ratios

and found to be always higher in the counter-current mode.
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7) When nanofluidic channels, or membranes, are placed between electrolyte solutions of
different temperatures, a large amount of energy conversion results in from low-grade heat
sources (<100 °C).

8) The thermo-osmotic energy conversion can also be enhanced by combining thermal and
concentration gradients. The ionic thermal up-diffusion significantly improves the
membrane potential and ion selectivity for a case when temperature gradient acts in the
opposite direction of the concentration gradient in the fluidic configuration. Pertaing to case
of counter-current mode, with a constant concentration ratio (1000), increasing the
magnitude of temperature ratio from 1 to 8 results in an increase in salinity energy from

30 pW to 80 pW.
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