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ABSTRACT

The ion transport measurements using various ion-exchange membranes (IEMs) face several challenges, including controllability, repro-
ducibility, reliability, and accuracy. This is due to the manual filling of the solutions in two different reservoirs in a typical diffusion
cell experiment with a random flow rate, which results in the diffusion through the IEM even before turning on the data acquisition
system as reported so far. Here, we report the design and development of an automated experimental setup for ion transport measure-
ments using IEMs. The experimental setup has been calibrated and validated by performing ion transport measurements using a standard
nanoporous polycarbonate membrane. We hope that the present work will provide a standard tool for realizing reliable ion transport
measurements using ion-exchange membranes and can be extended to study other membranes of various pore densities, shapes, and
sizes.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0086296

I. INTRODUCTION There are various challenges in ion transport measurements,

29

including controllability, reproducibility, reliability, and accuracy.”

Ion transport through ion-exchange membranes (IEMs) is cru-
cial in electrochemical separation, energy scavenging, and energy
storage units. The novel IEMs are vital in water desalination,’ fuel
cells,” redox flow cells,” pressure retarded osmosis,” and reverse
electrodialysis.” ~ These membranes are of different types, includ-
ing polymer-based,” " solid-state," "* composites,""'* and lower
dimension membranes, such as graphene"“"g and MoS,,"”*! which
show better ion selectivity, high surface charge density, and very high
conductance.'”*"** ** The aforementioned remarkable properties of
these membranes play a vital role in developing membrane-based
technology, such as harvesting energy using a salinity gradient,”””°
where the IEM allows either the cation or anion to pass (diffuse)
through it, which results in an ionic current.””**

This is due to the manual filling of the solutions in the diffusion cells
(housing the IEM) with some random flow rate (causes an initial
pressure difference across the IEM), which results in the diffusion
(ion/electrolyte) through the IEM even before turning on the data
acquisition system as reported in the literature."””" " The manual
filling’”""* " and the delay in data acquisition allow a change in
the expected initial condition, leading to unreliable results. So, there
is a need to maintain a constant difference in the concentration,
viscosity, or density of the two solutions across the membrane. In
addition, the manual operation causes a sufficient delay to realize the
phenomenon such as the ion concentration polarization®” (occurs
when the concentration of a particular species enriches or depletes
at the boundary layer close to the membrane surface due to the
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selective transport through the membrane) effect even before start-
ing the measurement. Hence, an automated diffusion cell exper-
imental setup along with data acquisition is very much needed
to minimize the issues such as controllability, reproducibility, and
accuracy and provide a reliable ion transport characteristic.

In the present work, we have designed and developed a com-
plete automated experimental setup for the ion transport mea-
surements using IEMs. This paper is organized as follows: Sec. II
provides an overview of the experimental setup and all the assembled
units. Section 111 presents the instrumentation and automation of
the experimental assembly and data acquisition. Section IV demon-
strates the calibration of components used in the experimental setup,
followed by Sec. V, which deals with the ion transport measurement.
This automated setup has validated the ion transport measurement
using a standard nanoporous polycarbonate membrane. This work
will provide a standard tool for realizing reliable ion transport mea-
surements using IEMs, and this study can be extended to other
membranes.

Il. EXPERIMENTAL SETUP

The experimental setup is designed assembled to study ion
transport through IEMs. Figure 1 shows the schematic of this
experimental setup. The ions move through the IEMs either due
to an external force (electric field, pressure, or temperature gra-
dient) or the chemical potential between two solutions having a
concentration,”** viscosity,”® or conductivity difference.”’**"""
Hence, to develop the experimental setup for ion transport across
IEMs, the two diffusion cells (containing solution-1 and solution-2
as in Fig. 1) are assembled, including the solutions having a con-
centration difference, viscosity difference, or different mix-solution.
The chemical pumps CH-1 and CH-2 (KE100, KEMS magnetic
centrifugal chemical pump) are used for pumping the solutions
from the reservoir to the diffusion cells rapidly with a flow rate of
100 I/min. The magnetic drive chemical process pumps are used
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for chemical pumping as these pumps are corrosion-resistant and
energy-efficient, has smooth flow, needs low maintenance, and has
size versatility. Similarly, the two peristaltic pumps PT-1 and PT-2
(RH-P120LS and RH-P120S from Ravel Hiteks Pvt. Ltd.) are used
for pumping the solutions from the reservoir to the diffusion cell
with a certain fixed flow rate to maintain the solution properties
(concentration, viscosity, etc.) constant throughout the experimen-
tal process. If required, PT-1 and PT-2 can be tuned at a different
flow rate to generate a pressure difference. The heating elements
(immersion rods) H1 and H2 and temperature sensors S1 and S2
(to monitor the solution temperature) are connected to the temper-
ature control and monitoring unit (TMCU 1 and TMCU 2) in each
reservoir (solution-1 and solution-2) as shown in Fig. 1. For the tem-
perature gradient study, one of the heating elements or both can be
used to obtain the desired thermal gradient across the membrane.
The two diffusion cells are clamped using 2 mm thick silicone sheets
having an outer diameter of 25 mm and an inner diameter of 6 mm.
The membrane (IEM) under study can be housed between these sil-
icone sheets, or a series of membranes (anion and cation-exchange
membranes) can be stacked similarly as reported in Refs. 42-44.

A high current source measurement unit “SMU 2460” pro-
cured from Tektronix is connected to record the electrical signals
(current or voltage). This SMU has a current range from 50 pA
to 7 A and a voltage range from 1 yV to 105 V with extremely
low noise and a maximum power rating of 100 W. The “Bio-logic
electrochemical instrument” (Bio-logic VSP 300) is used along with
the SMU to study the electrochemical impedance spectra and I-V
characteristics to perform the ac measurements of the membrane.
Similarly, a digital multimeter unit “DMM 6500” procured from
Tektronix is connected to record the membrane potential varia-
tion with respect to any of the two solutions. The DMM has a
current range from 10 pA to 10 A and a voltage range from
100 nV to 1010 V. The SMU and DMM can be replaced based on
the specific application. The workstation system is used to oper-
ate all the motors [connected via a programmable logic controller

Workstation

Membrane Sandwiched
between Silicon Rubber
Ring

Solution-1

(Reservoir) Wb o

Solution-1

,. M\

Diffusion Cell-2

Mixer
Solution-2

FIG. 1. Schematic of the complete auto-
mated experimental setup assembly for
the ion transport study using IEMs. The
chemical pumps (CH-1 and CH-2) are
to pump the solutions from reservoirs
to diffusion cells. The peristaltic pumps
(PT-1 and PT-2) are to keep rotating the
solutions in the diffusion cell at a spec-
ified flow rate. The SMU/EIS and DMM
are connected to Ag/AgCl electrodes (E1
and E2) for data acquisition. The heating
elements (H1 and H2) and heat sensors
(S1 and S2) are connected to the tem-
perature control and monitoring unit for
temperature monitoring and temperature
variation.

Solution-2
(Reservoir)
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(PLC)] and the electrical data acquisition unit (SMU, Bio-logic VSP
300, and DMM) simultaneously, as shown in Fig. 1. “KickStart
Instrument” PC control software is to operate the SMU and DMM
simultaneously and “ECLab” PC control software for the Bio-logic
VSP 300.

The step-by-step assembly of the polycarbonate nanoporous
membrane sandwiched between the O-ring-shaped silicon sheets
is shown in Fig. 2(a) (the multiple membranes can be stacked
similarly). The polycarbonate nanoporous membrane of circular
dimension 25 mm is procured from Whatman USA. The silicone
sheets hold the membrane in a sandwiched configuration and pre-
vent any chance of leakage when it is clamped between the two
diffusion cells. The probing wire is inserted between the silicone
sheets to contact the membrane (as shown in Fig. 1) for measuring
the membrane potential. The elastic nature of the silicone sheet pro-
vides the flexibility to tighten the membrane along with the probe
altogether. The schematic of a typical customized diffusion cell is
shown in Fig. 2(b) with its dimensions. The cylindrical-shaped dif-
fusion cells are molded with borosilicate glass. Among the top three
nozzles of each diffusion cell, the first two fill the solution through
the chemical and peristaltic pumps and the third near the neck is to
place the electrode. The fourth nozzle drains the solution from the
diffusion cells. The neck of the two diffusion cells is molded to hold
the sandwiched membrane with the diffusion cells by clamping, as
shown in Fig. 1.

ARTICLE scitation.orgljournal/rsi

I1l. INSTRUMENTATION AND AUTOMATION

The block diagram in Fig. 3 shows the complete controller
unit used to automate the whole setup. The PLC unit “ILC 131
ETH 2700973” procured from Phoenix Contact is used. The
PLC is powered with a switching mode power supply (SMPS)
“SPB-06-24" procured from Autonics. The PLC is connected to the
touch panel display module “BTP 2043W-1050387” procured from
Phoenix Contact. The wireless router communicates between the
PLC and the personal computer (PC). A dedicated graphical user
interface (GUI) (shown in Fig. 4) is designed to interface the PLC
with the workstation. The instrument can be operated from any
remote location using the PLC IP address (password protected).
The operational command is provided through the GUI of the
workstation connected to the PLC via the wireless router. Based
on the received command, the PLC executes the switching opera-
tion and turns on/off the respective relays connected to the three-
phase chemical pumps (CH-1 and CH-2) and peristaltic pumps
(PT-1and PT-2).

The GUI is designed to operate the manual and auto mode
motors to control the pumps. All four pumps can be operated indi-
vidually in manual mode, whereas in auto mode, they are operated
as per the user-specific application. The auto mode allows the timely
synchronization of the motors at the desired flow rate. The PLC
offers the flexibility to recalibrate the flow rate for different tube

M)

305 mm

196 mm
I
A
:

FIG. 2. (a) Step-by-step assembly of
the polycarbonate nanoporous mem-
brane for ion transport measurements.
(b) Schematic of a single customized dif-
fusion cell of dimension 305 mm length
and 196 mm height. The position and
dimensions of the nozzles are men-
tioned. The first two nozzles are for filling
the solution through the chemical and
peristaltic pumps, and the third nozzle
near the neck is to place the electrode.
The fourth nozzle drains the solution
from the diffusion cells.

22.51’mm =]
=]

48.27 mm

<

55.06 mm
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FIG. 4. Graphical user interface of the
controller with manual and auto mode
options. Both modes have customized
flow rates and run-time options for chem-
ical pumps (CH-1 and CH-2) and peri-
staltic pumps (PT-1 and PT-2).

LM (19-194)
0

LM (9-196)
0

diameters and peristaltic pumps. The corresponding change will
automatically appear in the GUL The calibration of the instrument
is given in Sec. IV.

IV. CALIBRATION OF THE SETUP

Among all used components in the experimental setup, the
SMU and DMM are pre-calibrated (as the manufacturer offers the
automatic calibration), whereas the calibration of the diffusion cell
and pump is performed as follows.

A. Diffusion cell calibration

Figure 5 shows the two conditions that are used to calibrate the
flow rate. In one condition, it is assumed that there is a specific flow
rate required through the membrane (typically due to applied pres-
sure from one side). In contrast, in the second condition, the flow
rate through the membrane is kept at zero with the assumption that

only the diffusion or ion-exchange phenomena occur through the
membrane. The previous two conditions can be taken together for
any desired application and recalibrate the flow rate.

Bernoulli’s principle is used prominently in fluid dynamics.
This energy conservation principle offers the relationship between
pressure, density, and velocity.*> Bernoulli’s equation is used to cal-
ibrate the fluid velocity at the inlet and outlet nozzles and through
the membrane used to choose the appropriate flow rate pump and
corresponding tube diameters.

(a) Condition 1. Bernoulli’s equation to calculate the fluid flow
rate through the membrane between point 1 and point 2 in
Fig. 5(a),
vooP V% P,
—+— ==+ =
22 pg % pg

where P; is the pressure at point 1, p, is the fluid density of
solution-1 (let the density be heavy), g is the acceleration due

(1
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FIG. 5. Schematic of the clamped diffusion cell in the steady-state fluid case to
find the flow rate (a) through the membrane and (b) at inlet/outlet nozzles. R is the
height of fluid from the center of the clamped diffusion cell axis to the top (point 1),
and hz and h4 are the heights of the outlet nozzle from inlet nozzle 1 and nozzle
2, respectively.

to gravity, v; is the velocity at point 1, P, is the pressure at
point 2, p, is the fluid density of solution-2 (let the density be
comparatively light), and v; is the velocity at point 2,

v1 =0 (as it is not moving and staying at the same level).
)
Using Egs. (1) and (2), we obtain

zpl(i_i). ()
P1 P2

(b) Condition 2. Using the continuity equation and Bernoulli’s
equation to obtain the flow rate from the inlet and outlet
nozzles [shown in Fig. 5(b)].

For the left reservoir, we obtain
P1Q1 —p1Q3 — p1Qs = 0. (4)

For the right reservoir, we obtain

TABLE |. Calibrated data for both the peristaltic pumps.
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P1Qs5 — p2Q2 — pm Q4 = 0, (5)

where Q;,Q,, Q;,Qy4, and Q5 are flow rates (m®/s), Ay, Az, As, and
Ay are the areas of the cross section (m?), and vi, v, v3, and vy are
velocities in the cross section (m/s),

Qi = A, (6)
Q2 = Ayw, (7)
Qs = A3vs, ®)
Q4 = Ayvy. 9)

Applying Bernoulli’s equation between point 1 and point 3, we
obtain

2 2
ﬁ + ﬂ = ﬁ + ﬁ, (10)
22 pg 28 pig

V3 = 72(1)1 _P3) + 2gh3.
\ P1

Similarly, applying Bernoulli’s equation between point 1 and
point 3, we obtain

h3+

(1m

v% P, vﬁ P,
22 4, 4

hy+ 2 = , (12)
28 pg 28 pmg
v4—\lz(Pz—P“+gh4), (13)
P2 Pm

where p, is the mix solution density and P; and P4=P,
—atmospheric pressure.

B. Peristaltic pump calibration

The flow rate of the peristaltic pump depends on the inner dia-
meter of the tube and the rotation per minute (RPM). As in every
revolution, the pumped fluid volume depends on the tube diameter;
hence, the tube diameter and volume need to be calibrated first (as
in Table I).

Peristaltic pump 1 (RH-P120S)

Peristaltic pump 2 (RH-P120LS)

Tube inner diameter Volume Tube inner diameter (mm) Volume (ml)
1 mm 0.15 ml 5 4.5
2 mm 0.4 ml 6 7
3 mm 0.85 ml 8 12
s 10 17.5
12 24
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The rotation per minute (RPM) for the required flow rate is
calculated as follows:

Flow rate(ml/min)

RPM = (14)

ml/revolution

For PT-1, the pump head speed variation is between 20 and 196,
and for the PT-2 pump, the head speed variation is between 10 and
196. The PLC output voltage is divided to cover the head speed vari-
ation of the pump; each variation is experimentally calibrated for
the specific flow rate. For every 10 increases in the speed variation
number, the PT-1 flow rate increases by 200 ml/min (with a mini-
mum starting flow rate of 200 ml/min), whereas the PT-2 flow rate
increases by 30 ml/min (with a minimum flow starting flow rate 30
ml/min).

The SMU and DMM are pre-calibrated by Tektronix. The
CH-1 and CH-2 pumps (KE100, KEMS magnetic centrifugal chem-
ical pump) are pre-calibrated for an inlet/outlet inner diameter of
2.5 mm with a maximum head height of 8.2 m at a flow rate of 100
ml/min. It can be noted that the other series of KE XX KEMS mag-
netic centrifugal chemical pumps can be used based on any specific
application for any particular flow rate.

V. ION TRANSPORT MEASUREMENT

The circular polycarbonate membrane of dimension 25 mm
and pore size 15 nm is used as an IEM. The membrane is procured
from Whatman USA. The monovalent KCl solution is used for this
experiment as the ions (K* and CI7) in this solution have approxi-
mately the same hydration size and mobility in water.””*” To obtain
the concentration gradient (of 1000-fold) across the IEM, one side
0.6 mol and the other side 0.6 mmol KCI solutions are taken. The
above experimental setup is used to calculate the salinity gradient
energy generation using the ion-selective polycarbonate membrane
and show the ion selectivity (¢, ) along with the membrane potential
(Em), maximum power (Pyax), and membrane efficiency ( )asa
case study.

According to Laucirica et al.,** the membrane potential E,, of
the ion-selective nanoporous membrane is given by

rlmux

Enm = (t, —t_)R—;ln(Z—j), (15)

where F is Faraday’s constant, R is the gas constant, T is tempera-
ture (K), 4 is the cation selectivity, ¢_ is the anion selectivity, and ¢,
+t-=1

Hence, the above equation can be written as

RT aH
E,=02ty-1)—In| — |, 16
2t - 1) “(aL) (16)

where ag and ay are the higher and lower concentration activities,
respectively. The E,, value of the ion-selective nanoporous mem-
brane depends on the ion selectivity (t4+ and f_) and salt activity
(o and ar). The ion selectivity”” and the salt activity”’ of the
membrane can be expressed as

ARTICLE scitation.orgljournal/rsi

FEay
fin() |

ty 1+ 17)

1
)

where R is the universal gas constant, T is the temperature in
Kelvin, F is the Faraday constant, and Eg is the open-circuit voltage
obtained from the I-V characteristic plot in Fig. 6(a).

The ionic activities (ay and «z) and molalities (my and my) of
the salt solutions are related by the corresponding ionic coefficients
(yyand y,) as

aH = my X yH, (18)

ar =mp X YL, (19)

where mpy and my are the molal concentrations for higher and lower
concentration solutions, and y,, and y, are the activity coefficients
for the higher and lower concentration solutions.

The activity coefficient (y,; and y;) can be expressed by the
following equation known as the Debye-Hiickel limiting law:""

1.824 x 10°
_ﬁ\amﬁ, (20)
€

log y: =
where || denotes the magnitude of the product of valency of the
cation and anion, i.e., Z+Z_, and the quantity I is the ionic strength
given by Gilbert Newton Lewis’’ as

1
=23, mZ;. (21)

Equations (16)-(21) are used to calculate the membrane poten-
tial (E,) and the selectivity (¢+) of the ion selectivity nanoporous
membrane.

To evaluate and validate the maximum generated osmotic
power (Pmax) and the conversion efficiency (#,,,. ) using a salin-
ity gradient from the ion-selective nanoporous polycarbonate
membrane, Eqs. (22) and (23) are used.

The maximum power,*’ Py, is given by

IocEm
4

P max = > (22)
where I, is the open-circuit current obtained from the I-V
characteristic plot in Fig. 6(a).

The efficiency of the membrane' 5, . is expressed as

2

Hmax = M (23)
2

All the above membrane performance parameters mentioned in

Table II are calculated using these equations.

The temperature-dependent measurements are performed to
ensure that the transport through the membranes is thermally acti-
vated hopping.”! The experiment is performed in isothermal condi-
tions (room temperature) and with a thermal gradient (90 K above
room temperature) to validate this study. All the results are shown
in Fig. 6(a) and Table II. The results are consistent with those of pre-
viously reported work using the same polycarbonate membrane of
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FIG. 6. (a) I-V characteristics of the nanoporous polycarbonate membrane with a 1000-fold concentration gradient in isothermal conditions (303 K on both sides) and with a
thermal gradient of 90 K (393 K at the low concentration side and 303 K at the higher concentration side) after the redox correction. The inset displays the |-V characteristics
before the redox correction. (b) |-V characteristic plot and (c) corresponding variation in the membrane potential of 300 nm and 1 ym diameter pore Gr/Cu membrane of

dimension 10 x 10 mm?.

the same nanopore dimensions.”’ The lower concentration solution
is heated up to boost the power generation of the membrane, similar
to that reported earlier.”!

Eoc (open-circuit voltage) and I (short circuit current) can
be directly obtained from the I-V characteristic plot. E,. includes
the combination of both the generated potential (Ez) and redox
potential (E,.4,), which is given by”!

Eoc = Ediff + Eredox~ (24)
The redox potential (E,.4,,) can be expressed as’>
RT Cy
Eretox = 27 log(a)» (25)

where z is the valency and Cy and Cp. are higher and lower concen-
tration solutions, respectively. After substituting the values of C,

TABLE II. Membrane performance parameters at isothermal and thermal gradient
conditions.

Isothermal Thermal
Parameters condition gradient
Selectivity (t+) (%) 60 65
Membrane potential (E,,) (mV) 73.52 110.26
Max power (Ppax) (W) 449.53 744.25
Efficiency (1max) (%) 2 4.5

Cr, z, F, R, and T in Eq. (2), Eeqox at VC = 1000 is estimated to be
153 and 459 mV for 303 and 393 K, respectively. The I-V curves after
the redox correction are shown in Fig. 6(a) for isothermal and ther-
mal gradient conditions, and the inset shows the I-V curves before
the redox correction.

As a case study, the above experimental setup is used to mea-
sure the ion transport in the 2D graphene/copper (Gr/Cu) mem-
brane in order to explore one of the applications of ion transport
(i.e., salinity gradient energy generation). The Gr/Cu (18 ym thick)
membrane of dimension 10 x 10 mm? is used as an IEM for the
present measurement. The focused ion beam was used to fabricate
different pores of diameters 300 nm and 1 ym in Gr/Cu membranes.
The I-V characteristic plot of the Gr/Cu membrane is recorded
using the above automated experimental setup to calculate energy
generation using a salinity gradient [shown in Fig. 6(b)]. Simultane-
ously, the membrane potential variation is also recorded with respect
to the lower concentration solution [shown in Fig. 6(c)]. The short-
circuit current and open-circuit voltage are 4.6 4A and 0.27 V for the
300 nm pore and 1.4 yA and 0.09 V for the 1 ym pore, respectively.
The estimated power density is 3.44 gW/cm? and 0.35 yW/cm? for
300 nm and 1 ym pores, respectively.

The impedance measurement is performed in the frequency
range of 7 MHz to 150 Hz. At a higher frequency, the Nyquist plot
shows a capacitive impedance behavior. The imaginary impedance
drops toward zero as the frequency decreases below 2.7 MHz. At a
frequency of 21 kHz, the imaginary part of impedance crosses zero
and shows positive impedance, which reflects the nature of inductive
impedance, as shown in Fig. 7. As described in our earlier work,”*
the multiple arcs in the impedance spectrum are attributed to the
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FIG. 7. Impedance spectrum (Nyquist plot) of the nanoporous polycarbonate
membrane in the range of 7 MHz to 165 Hz using the automated experimental
system.

diffusion transport in the vicinity of the micro/nanochannel inter-
connect and the effect of ion transport inside the nanochannel. The
large hemi circular arc at higher frequencies (Fig. 7) is due to two
reasons: (i) the excess ions close to the nanopore surface screen
the electrostatic interaction rather than its surface charge density
and (ii) the lower frequencies arc shows the inductive characteris-
tics due to the migration of the charges close to the nanopore and
bulk interconnect.

VI. CONCLUSION AND OUTLOOK

We have designed and developed an experimental setup for ion
transport measurements using ion-exchange membranes. The setup
is automated to solve the issues such as controllability, reproducibil-
ity, and accuracy and provide reliable ion transport characteristics.
All the components in this setup, such as two chemical pumps,
two peristaltic pumps, and data acquisition units, are calibrated.
A dedicated graphical user interface is designed to interface the
PLC with the workstation. The ion transport measurement was per-
formed using an ion-selective polycarbonate nanoporous membrane
at room temperature and elevated temperature. The Gr/Cu nano-
and microporous membranes were tested for energy harvesting as a
case study. The present work will provide a standard tool for real-
izing reliable ion transport measurements using IEMs. This study
can be extended to other membranes with various pore densities,
shapes, and sizes for several applications, including reverse electro-
dialysis, pressure retarded osmosis, fuel cells, redox flow cells, and
water desalination.
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