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Table 2. Relative permittivity of water at different temperatures listed in the CRC Handbook'*"?

T(°C) Relative Permittivity
10.0 83.96
20.0 80.20
30.0 76.60
40.0 73.17
50.0 69.88
60.0 66.73
70.0 63.73
80.0 60.86
90.0 58.12
100.0 55.51
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Figure 1. Relative permittivity values of pure water and temperature fit to a cubic polynomial
using Malberg and Maryott’s data'>"

The data collected by Malmberg and Maryott plotted in Figure 1 was fit to a polynomial
because the slope of permittivity and temperature decreases at higher temperatures.'* The general
polynomial is:

g =a+bX+cX?+dX3 (1.1)

15



In this equation, X can be temperature or mole fraction of a co-solvent in water. Linear
regression of the data provides the coefficients of the polynomial (a-d) and these values are given
in equation (1.2)."*

€ = 87.74 — 0.4008t + 9.398(104)t% — 1.41(107%)¢3 (1.2)"

Equation (1.2) can be used to calculate the relative permittivity of pure water over a

temperature range of 0.00 to 100.0 °C. Today, there are simple instruments, such as Brookhaven
Instruments BI 870 dielectric constant meter, available to measure relative permittivity values of
water co-solvent solutions with reasonable accuracy. The BI 870 was used to measure relative
permittivity of pure water. Comparing experimental coefficients to those in equation (1.2) offers
a method to validate the technique of measuring relative permittivity of water co-solvent

systems.

Relative Permittivity Measurements of Water Co-Solvent Systems

Co-solvent systems for reactions are of interest and relative permittivity values of these
mixtures are needed.'® An example is measurement of the relative permittivity of water and
methanol, ethanol and propanol as co-solvent solutions using developed microwave
frequencies.'® Yet another example is use of dielectric relaxation spectroscopy which was used to

. . 1
measure aqueous solutions of 1,4-dioxane."’

Relative Permittivity and Ionic Strength

In 1948, Hasted et al. were the first scientists who studied dielectric properties of aqueous
solutions of salts.'” Their experiment demonstrated that the relative permittivity of a solution
decreases when the salt concentration increases which is called dielectric decrement. The reason
behind the inverse relationship between the relative permittivity and the salt concentration is the

local electric field created by electrostatic interaction between ions and an external applied
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field.'® Polar molecules in water create a local ionic field around them, which generates a
hydration shell around them. This lowers the sensitivity of water molecules to the external field,

1%1% The relative permittivity of salt concentrations is

which decreases the relative permittivity.
linear up to 1.5 M. Equation (1.3) shows this relationship."
E=¢g,—ac (1.3)

Where ¢ is the dielectric constant, ¢, is the dielectric constant of pure water, ¢ is the
concentration of salt and a is the total excess polarization of the ionic species. This equation is
not valid for salt concentrations higher than 1.5 M most likely due to ionic strength having a
greater effect on the degree of excess polarization.'’ Gavish and Promislow developed equation
(1.4) for salt concentrations greater than 1.5 M."° The equation presumes that the presence of

ions causes a local electric field to develop.10
3
e(c) =¢,—PBL (Fa c) (1.4)
Where ¢(c) is the dielectric constant as a function of salt concentration ¢, €, is the

dielectric constant of pure solvent, o is the total excess polarization of the ions, £ is the relative
difference between an effective ion-pair dipole moment and the water dipole moment, and L is
the Langevin function which can be determined using equation (1.5)."
L(v) = coth(v) —11—} (1.5)
Equation (1.4) provides means of determining the dielectric constant with a high degree
of accuracy for concentrations of salts. Figure 2 shows a comparison of experimental relative
permittivity values fit to equation (1.4) on the left and with calculated values (in color) on the

10,19

right.
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Figure 2. Experimentally fit relative permittivity values (left) and calculated relative permittivity
values (right) of different molar NaCl solutions and temperature using equation (1.4)'*"

Plots in Figure 2 fit to equation (1.4) result in values of o and f at different temperature

listed in Table 3.1

Table 3. Values for a and 8 and legend for each temperature in Figure 2

T(°C) a B Legend
5.00 137 70.25 )
20.0 12.0 52.94 ()
25.0 11.5 47.91 (.-)
35.0 10.7 40.12 (%)

In this work, using the BI 870 of solutions with ions caused current to flow interfering
with the method of measurement. However, the probe attached to an electrochemical workstation

permitted electrochemical impedance measurements to quantify ions in solution.

Electrochemical Impedance Spectroscopy

Impedance spectroscopy (also referred to as electrochemical impedance spectroscopy,
EIS) is an electrochemical technique that measures a current-voltage response.”*>'

Experimentally, impedance spectroscopy is performed by applying a constant initial voltage. A

sine wave potential of different frequencies is superimposed on the base potential. Both current
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and potential are measured to obtain the real and imaginary impedance values. It is also a method
where an impedance of cell is plotted against the frequency.*” This spectroscopy method
provides valuable electrical information including charge transfer and electrical properties of

reactions and materials.”> Equation (1.6) shows how to determine impedance for resistor and

capacitor in parallel.**

- R1

- (1+j2mfR.Cq) (1.6)

This results in impedance having a real (Z') and imaginary (Z") component in units of

ohms. A plot of these two values results in a Nyquist plot shown in Figure 3.%
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Figure 3. Nyquist plot of the real (Z’) and imaginary (Z”) component of impedance for a
capacitor and resistor in parallel using sample data from EIS Spectrum Analyzer Software *°

Impedance, denoted as Z, is the expression or measure of the ability of an electric circuit
or any other electronic component to resist the flow of electric current. Impedance is a circuit
element that is represented by two scalar quantities, resistance and reactance.”® In this case,

impedance is more of a resistance phenomenon where the resistance is the ability of the circuit to
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resist the flow of an electrical current.”® The reactance is the non-resistive component of
impedance in AC circuit. In this work, the real impedance is the most useful value, which is the
diameter of the semi-circle.”® This value is obtained by fitting the Nyquist plot to a model
electrical circuit, in which the solution being measured is represented by a capacitor and resistor
in parallel. Electrochemical impedance software is open source which fits the Nyquist plot. The
result is a regression fit providing the capacitance and real impedance and error of the

experimentally measured solution.

Current Applications of EIS

Applications of EIS include the study of metal corrosion, adsorption and desorption on an
electrode surface, discharge and charging batteries and ion mobility in batteries and super-
capacitors.”” Measurements obtained by Electrochemical impedance spectroscopy used with
coaxial-like electrodes functioned as a sensor.”® The sensor was used in frequency range between
20 Hz to 2 MHz for specific electrolyte solutions having low conductivity to determine electrical
properties. The sensor was most efficient for solutions not less than 0.05 mM for potassium and
sodium chloride.?® Also, the method most comparable to this work involved two stainless steel
parallel plates used to investigate dilute solutions of lithium chloride.” This technique was used
to measure the lithium chloride solutions over a frequency range of 1 kHz to 13 MHz. However,
no detection limit was reported. Heavy metals including mercury ions have been determined with

30,31 . .
" To achieve this

a detection limit of 10 ppt using Electrochemical impedance spectroscopy.
low detection limit Zhang and his team developed an extremely sensitive and selective DNA
biosensor using a gold electrode and sulthydryl groups to determine the mercury ions using

EIS.’' Another example is a DNA biosensor made of an electrode modified with polyaniline and

gold nanoparticles for silver ions with a detection limit of 10 fM using EIS.** In addition, EIS is
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also used to study friction processes in industries and automobiles applied to electrochemical
reactions in fuel cells, capacitors, resistors and inductors.>” Others use EIS for studying catalytic
reaction kinetics. Additionally, impedance spectroscopy can be used to study solutions of low

ionic strength. Impedance measurements are also temperature dependent.”

Resistivity and Impedance of Pure Water and Ions in Solutions

Increasing temperature of pure water increases its conductivity due to the concentration
of hydronium and hydroxide ions increasing with temperature.*® Resistivity measures the ability
of pure water to resist electric current, which is the inverse of conductivity. Generally, pure water
is a poor conductor of electric current or rather an insulator. However, not even “de-ionized”
water is completely free of ions. This is due to water being in equilibrium with hydroxide and
hydronium ions. Therefore, the resistivity of pure water is dependent on the sum of concentration
and ion specific conductivity of each ion present. The resistivity of pure water can be calculated

using equation (1.7).”

pito = 1073d(Ay+ + Aou-)yKe (1.7)
where py, ¢ is the resistivity of pure water in Q-cm, Ay+ and Agy- are specific ion

conductivities which are 349.19 and 199.18 S-cm?/mole respectively at 25.0 °C, d is specific
gravity and K,, is the equilibrium constant of water, which is 1.00 x 10" at 25.0 °C. The square

root of K,, results in the concentration for each ion being 1.00 x 107 M.***>

Using these values,
the resistivity of pure water is 18.2 MQ-cm at 25.0 °C. Knowing the resistivity, the real
impedance can be calculated with the area and thickness of sample being measured given in

equation (1.8).%°

l
A

NN

(1.8)



Where / is the thickness of sample between the electrodes in cm and 4 is the contact area
in cm”. Different ionic solutions have different impedance values due to different quantities,

types and charges. In some cases, solution impedance can only be determined from EIS spectra.
Water with high concentrations of ions has a lower impedance.37 This relationship exists due to

the solution being a better conductor because of a greater amount of ions in solution.
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CHAPTER 2

EXPERIMENTAL

Materials and Equipment

All chemicals were used as received from the manufacturer. Sodium chloride, sodium
bicarbonate, potassium carbonate, sodium acetate and sodium sulfate were obtained from Fisher
Scientific. A Millipore Direct Q UV3 purifier system generated 18.2 MQ-cm water used to
prepare and measure all solutions. A Vernier temperature probe was used to monitor
temperature. A BI 870 dielectric constant meter and probe from Brookhaven Instruments was
used for relative permittivity measurements. The probe consisted of outer and inner stainless-

steel cylinders separated by Teflon posts shown in Figure 4.

Figure 4. Stainless-steel probe from BI 870 dielectric meter also used for impedance
measurements

The CHI 604E was used for electrochemical impedance spectroscopy. The probe
connected to a CHI 604E electrochemical workstation using the reference and working electrode

leads was used for impedance spectroscopy measurements of the solutions. The data generated a
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Nyquist plot, which was fit using EIS Spectrum Analyzer Software to obtain the real impedance

and error.

Relative Permittivity Measurements

The BI 870 measured the relative permittivity of aqueous co-solvent solutions. This
instrument has a relative error of 2.0%. The measured signal is a sine wave that is 10 kHz with
an amplitude of 0.7 V. All solutions were prepared using 18.2 MQ water prepared by starting
with tap water treated by Culligan® systems followed by a Millipore Direct Q UV3 system.
Ultrapure water, 40 ml, was put in a cylindrical glass cell provided with the BI 870. The solution
was stirred ensuring homogeneity. A Vernier temperature probe was positioned in the middle of
the probe’s cylinders. To increase temperature a water bath with ice was used on a hotplate.
Once the temperature of the solution to be measured dropped to less than 15.0 °C, the hot plate
was turned on maintaining a heating rate of 1.0 °C/minute from 15.0 to 55.0 °C. The relative
permittivity values were recorded every 5.0 °C. To validate the method pure water was measured
and compared to known values discussed previously. To further validate the method, water and
acetone co-solvent solutions were measured from 15.0 to 55.0 °C. The water mole fraction

ranged from 0.3 to 1.0.

Impedance Methods

The BI 870 probe was connected to the CHI 604 E workstation to obtain impedance

measurements of pure water.
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Figure 5. The water bath, probe and leads of the BI 870 probe for impedance measurements

Figure 5 shows the experimental setup. A Vernier temperature probe was above the
stainless-steel probe to monitor the solution’s temperature. An AC impedance used an initial
applied potential of 0.2 V and sine amplitude of 0.1 V over a temperature range from 25.0 to
60.0 °C. Real and imaginary impedance data was collected over a frequency range from 1 to 100
kHz. Each spectrum was imported as a text file into EIS Spectrum Analyzer Software to fit the
Nyquist plot providing real impedance, capacitance and respective errors of the solution
represented as a resistor and capacitor in parallel configuration.

The same procedure was used for solutions of low ionic strength ranging from 1.0 x 10™
to 1.0 x 10 M. A stock solution of 1.0 x 10™* M was prepared and serial dilution resulted in
standards for measurement. This included solutions of sodium chloride, 5.844 ppm to 58.44 ppt,
sodium bicarbonate, 8.400 ppm to 84.00 ppt, potassium carbonate, 13.82 ppm to 138.21 ppt,
sodium acetate 8.203 ppm to 82.03 ppt and sodium sulfate, 14.20 ppm to 142.04 ppt. To
determine the effect of 1:1 compared to 2:1 electrolytes solutions 1.0 x 10™ M solutions of
sodium chloride, sodium acetate, sodium bicarbonate, potassium carbonate and sodium sulfate

were measured at 25.0 °C.
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CHAPTER 3

RESULTS AND DISCUSSION

Relative Permittivity of Pure Water

Table 4 lists relative permittivity values experimentally obtained using the BI 870 for
pure water at different temperatures.

Table 4. Relative permittivity of pure water vs temperature

Temperature °C Relative permittivity
15.0 80.9
20.0 79.7
25.0 78.5
30.0 77.2
35.0 76.0
40.0 74.8
45.0 73.5
50.0 72.2
55.0 70.9

A plot of the values in Table 4 is shown in Figure 6.

82

80F 1

78 1
8 \.\

I3

76 - . 3
74 + N 1

72} N

70 ' e :
10 20 30 40 50 60
°C

Figure 6. Experimental relative permittivity values of pure water as a function of temperature fit
to a cubic polynomial
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The data was fit to a cubic polynomial given in equation (1.1) in which X is temperature
and compared to the work by Malmberg and Maryott. The cubic polynomial coefficients of the
experimental data for pure water using the BI 870 is given in equation (3.1).

g = 84.6(£0.2) — 0.25(£0.2)t + 3.6(£5.9) x107*t%? — 6.1(£5.6) x 107°¢t3 (3.1)
The coefficients obtained by Malmberg and Maryott are given in equation (3.2).'**
£ =87.74 — 0.4008t + 9.938 x107*t? — 1.41 x 10753 (3.2)

The first term in equations (3.2) and (3.3) is a constant and differ by 3.6%. The remaining
coefficients agree within error. The measured relative permittivity at 25.0 °C should be 79.3
according to Brookhaven instruments.*” From equations (3.1) and (3.2) the relative permittivity
is 78.4 and 78.3 respectively. This is a 0.1 % difference and within the 2.0 % absolute error of
the instrument. Another example agreeing with this result is the reported value of pure water
being 78.33.* As a result, the method of measuring relative permittivity values using the BI 870
is valid. The polynomial coefficients permit calculating the relative permittivity of pure water as

a function of temperature.

Relative Permittivity Using Acetone as a Co-Solvent

Solutions of different mole fractions of acetone were prepared and measured using the
same procedure as pure water. As expected, the measured relative permittivity decreased with
increasing temperature and using lower mole fractions of water. Tables 9 through 15 in
Appendix 1 provide relative permittivity values as a function of mole fraction of acetone in water
from 15.0 to 55.0 °C. Figure 7 shows a plot of relative permittivity measurements as a function

of mole fraction and temperature.

27



80 -

15.0 °C
¢ 20.0°C
. 25.0°C
e 30.0°C
. 35.0°C
« 40.0°C
L 45.0°C

50.0 °C
wal. 1 *550°C

70 -

L L Rel NoN N X I J
L]

00 00COOGOGS

60 -

0000000
[ lel JoX ¥ X X J
[LleX JexX Y X Y J

N
S
000000000

30

0.6 0.7 0.8 0.9 1

X Water

Figure 7. Plots of relative permittivity for water with acetone as a co-solvent system from 15.0
°C (red top) to 55.0 °C (dark red bottom)

These values were fit to the cubic polynomial expression given in equation (1.1) where X
is mole fraction of water. Table 5 lists the cubic polynomial coefficients. These coefficients
allow calculating relative permittivity as a function of mole fraction. The overall error in the
temperature and mole fraction of water used was +0.22 °C and +0.001 respectively. The R*
values for all plots fit a cubic polynomial and are all higher than 0.995.

Table 5. Polynomial coefficients a-d of relative permittivity of acetone in water using mole

fraction
T (°C) a b c d R’
15.0 18.8 23.8 -17.8 56.8 0.9997
20.0 17.4 29.9 -30.8 63.7 0.9998
25.0 16.2 33.9 -39.0 67.7 0.9998
30.0 15.0 38.7 -47.9 71.6 0.9999
35.0 13.9 43.2 -57.2 76.0 0.9999
40.0 12.8 47.0 -64.8 79.4 0.9998
45.0 10.9 56.3 -81.6 87.3 0.9997
50.0 9.9 59.6 -86.7 88.7 0.9996
55.0 9.1 61.4 -89.5 88.9 0.9985
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Literature data of relative permittivity values for acetone in water results in a dielectric
constant of 45.8 for a water mole fraction of 0.75 at 30.0 °C, which is only 2.18 % higher
compared to 47.2 in this work.'? As mentioned earlier, the relative error of the instrument is 2-10
% for binary solvent systems according to Brookhaven Instruments, meaning these values are
identical within error.”

Solutions of different mole fractions of tetrahydrofuran were prepared and measured
using the same procedure. Tables 16-21 in Appendix 2 provide relative permittivity values as a
function of mole fraction tetrahydrofuran in water and temperature. Appendix 3 contains tables
of the cubic polynomial coefficients determined following the same procedure using acetone as a
co-solvent. Literature data was used to fit and determine the coefficients for methanol, ethanol,

isopropanol, acetonitrile, N,N-dimethylformamide (DMF) and 1,4-dioxane.'>**

Trends Among the Polynomial Coefficients

The coefficients a-d and temperature for acetone as a co-solvent is plotted in Figure 8.
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Figure 8. Plot of coefficients a-d for acetone co-solvent systems and temperature
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Interestingly, for acetone in water over all temperatures measured coefficient a is positive
while c is negative and both decrease with increasing temperature. Coefficients b and d are both
positive and increase with temperature. Comparison of Tables 22-29 show that these trends for
the polynomial coefficients vary widely and are dependent on the co-solvent present. Overall, the
polynomial coefficients result in relative permittivity values decreasing as temperature increases
for all water co-solvent systems measured. One possibility is that the change in polynomial
coefficients with increasing temperature represent a measure of the change in dipole moment
which results in decreasing alignment in an electric field which causes the relative permittivity to

12,43
decrease. ~

Relative permittivity measurements of salt solutions using the BI 870 was
attempted. However, the instrument is only accurate for solutions with a conductivity lower than
or equal to 10 uS/cm.*” As a result, the probe of the BI 870 was used for EIS measurements to

determine the real impedance of pure water and solutions of low ionic strength. The detection

limit and effect of 1:1 and 2:1 electrolytes were explored.

Impedance of Pure Water as a Function of Temperature

EIS experiments of pure water from 25.0 to 60.0 °C generated Nyquist plots shown in
Figure 9. EIS software analyzer fit the real and imaginary impedance to determine the real

resistance and capacitance of the solution.
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Figure 9. Nyquist plots for pure water from 25.0 °C (black curve) to 60.0 °C (gray curve)

The diameter of the semi-circle is the value of real impedance. Appendix 4 lists the real
impedance values and error for pure water as function of temperature from 25.0 to 60.0 °C. A

plot of these values is shown in Figure 10.
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Figure 10. Real impedance as function of temperature for pure water
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The polynomial equation for fitting the plot in Figure 10 results in coefficients provided

in equation (3.3):
Zye=10,220(% 250) — 370(+ 19)T + 5.4(+ 0.5)T* — 0.029( 0.004)T* (3.3)

Where Z,. is the real impedance in (Q2) and T is the temperature in degrees Celsius (°C).
The polynomial fit results in a 0.9993 coefficient of determination. Due to the temperature
dependence of impedance, all measurements of low ionic strength solutions were measured at
25.0 °C. The real resistance from the fit of Nyquist plots was obtained for sodium chloride,
sodium bicarbonate, potassium carbonate, sodium acetate and sodium sulfate. Tables 31-35 in
Appendix 5 provide the impedance values and error for ppb solutions at 25.0 °C. This data was
used to calibrate the probe and EIS measurements for determining concentration of anions and

detections limits.

Calibration and Detection Limits

The graph of real impedance in ohms versus concentration results in a logarithmic curve
with excellent correlation. However, a linear relationship is desired due to the future goal of
developing a simple programmable electronic circuit for converting measured real impedance to
concentration. This was found to be possible by plotting real impedance and the negative natural
logarithm of concentration of the ion. Figure 11 shows the calibration plot for chloride using

sodium chloride solutions at 25.0 °C.
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Figure 11. Real impedance and -In ppm of chloride from sodium chloride at 25.0 °C

Using this method, all calibration plots were linear. The detection limit is defined as three
times the standard deviation (3s) divided by slope (m) which results in units of concentration.**
In Figure 11 low concentrations of chloride are closer to 12 and higher concentration of chloride
approach zero which is opposite a normal calibration plot for signal and concentration. As such,
the detection limit is found by subtracting three times the standard deviation of the impedance
measurement from that of pure water and calculating concentration in units of parts per trillion

(ppt). The resulting equation for the detection limit of an ion is shown in equation (3.4).

3,8530—-3s 6
Detection Limit in ppt = [e_( m )] (1x10°ppt) (3.4)
1ppm

Detection limits for carbonate, bicarbonate, chloride, acetate and sulfate were calculated and

given in Table 6.
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