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Abstract— Methods for identifying contaminants in liquids
(such as wine) typically requires laboratory analyses of
samples using precision equipment which is expensive in
terms of both time and required resources. Therefore, there is
a need to identify alternative measurement approaches to
reduce the cost in terms of equipment, personnel, and time.
One sensing approach to characterize liquid properties and
potentially identify contaminants is electrical impedance
spectroscopy. In this work, the electrical impedance of 25 mL
samples of 3 solutions with alcohol (plum distillate, isopropyl
alcohol, winter windshield solution) and a control sample of
distilled water were measured using a Keysight 4294A. The
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liquids with alcohol content (plum distillate, isopropyl alcohol, winter windshield solution) have lower impedance
maghnitude in the frequency band below 100 kHz, with specific values of 139 kQ, 76 kQ, 7 kQ at 40 Hz, compared to the
reference distilled water sample (approx. 315 kQ). This suggests that solutions with alcohol (and other chemicals)
have increased conductivity in comparison to the distilled water and that impedance may be a suitable approach to

differentiate liquids with and without contaminants.

Index Terms— Electrical impedance spectroscopy, liquids, impedance analysis, Cole-Cole model, extraction,

alcohol

I.  INTRODUCTION

HE investigation of sensing technologies for monitoring

foods and liquids with a specific focus on safety is
increasing in both attention and importance in recent years.
The aim of this line of investigation is to develop techniques
to identify contamination accurately and reliably in foods and
liquids prior to their sale or consumption to prevent potential
illnesses. Recent research has developed electronic sensing
systems to emulate the human senses of taste (e.g., electronic
tongue) and smell (e.g., electronic nose) to identify and
classify food sensory and safety characteristics [1], [2].
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A. Liquid Analysis and Safety

Sensing techniques focused on evaluating the quality of
liquids, such as water, often measure the pH, level,
temperature, CO,, turbidity, humidity [3] and chemical
structure [4], [5] of the liquid under test. However, detailed
information of the components within liquid solutions, either
intentionally mixed or as an unintentional contaminant,
requires the use of sophisticated methods to capture [4], [5].
Typical contaminants of water can be inorganic
(e.g., ammonia, arsenic, chlorine, etc.) and organic/biologic
(e.g., pesticides, cryptosporidium, legionella, etc.) [4], [5].
Standard methods for identifying these contaminants in water
include sample-based, sensor placement-based and event
detection (model-based)-based methods. For each method the
specific information can be collected using technologies such

as: a) microfluidics sensors, b) electrical impedance and
dielectric impedance spectroscopy, c)light emission
luminescence, d) infra-red spectroscopy, e) Raman

spectroscopy and f) biosensors. These methods are often very
complex, require expensive and precise measuring equipment,
and need highly skilled personnel to complete [4], [5]. Of
these methods, impedance-based techniques have the potential
for implementation as low-cost, portable equipment which
warrants their further investigation for applications for food
and liquid safety.
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Dielectric impedance spectroscopy as a technique uses
waveguides and the reflection of high-frequency waves to
identify the dielectric properties of a material. The variation of
the reflective coefficient (phase) of the waveguide
(transmission lines) is dependent on both the material
dielectric and the applied frequency, with frequency [6]-[8]
and time domain [9] methods frequently used for material
testing. This technique has been integrated into test setups to
measure liquids in microfluidic channels [10] and combined
with thermal sensors to identify liquids using microplate
setups [11]. These examples highlight the potential of
impedance-based techniques for monitoring liquids. However,
often dielectric impedance spectroscopy utilizes high-
frequency (GHz) instruments and interface circuitry for high-
frequency operation which can be challenging to design based
on the presence of parasitics and need for impedance matched
interfaces.

An alternative to dielectric impedance spectroscopy, is
electrical impedance spectroscopy. This technique measures
the frequency-dependent electrical impedance of a material
under test (dependent on both the material and geometry). It
is often measured at low frequency (from DC up to tens of
MHz) using simple bi-polar or tetra-polar electrode
configurations, which reduces the hardware requirements of
instruments in comparison to dielectric measurements. While
precision impedance instruments are expensive, the
commercial availability of integrated circuits that directly
measure impedance (e.g., MAX30009 from Maxim Integrated,
AD5933 from Analog Devices) is increasing the potential to
develop low-cost portable equipment. Applications of
impedance sensing for liquids has been investigated for
applications including nitrate concentration monitoring [12],
salinity monitoring, [13], identification of petroleum and oil
(biodiesel) contaminants [14], and monitoring milk
adulteration [15]. These highlight the wide range of liquid-
focused applications that this technique is being investigated
to support. However, there has been little attention focused on
the use of electrical impedance-based methods on the
measurement of liquid solutions with alcohol (such as wine,
beer, and spirits). Recent work by Lopes et al. reported strong
correlations between the electrical impedance of wine and
chemical properties (e.g., alcohol, acidity, sugars, density)
[16] while Wyk and Silva reported that impedance
measurements could detect B. bruxellensis concentrations in
wine [17]. While this highlights the success of using
impedance-based techniques for measuring wine these efforts
have not investigated if impedance-based techniques can
differentiate between wine with and without intentional
contaminants.

The existing methods discussed above can be divided into
two categories: contact and non-contact, with impedance
spectroscopy being a contact type method. For non-invasive
tests with humans or animals, non-contact methods are very
advantageous. In our case, food safety aspects are the subject
of the experiments. The most significant non-contact methods
(dielectric methods) are advantageous in terms of reliability
and universality, but also require sophisticated hardware,
making such measurements very expensive. The advantages of
contact methods are their simple sensing readout system

(wires), low hardware requirements, and acceptable accuracy
for various purposes. Therefore, these systems are more
suitable for construction of portable devices than non-contact
methods and their expected performance has great
cost/performance ratio.

B. Applications of Electrical Impedance Spectroscopy

Recent developments in the field of electrical impedance
spectroscopy (EIS) [18], [19] have revealed a number of
interesting results and consequences regarding the behavior of
many biomedical, organic, and inorganic (liquid or solid-state)
substances. Specific types of inorganic materials and metals
are examples of solid-state substances where EIS methodology
has received attention in recent years (fabrication of silicon
substrates [20], effects in metal layers-based batteries [21]). A
special area of EIS in organic substances deal with analysis
and modeling of fruit [22], [23], vegetable [24], [25] and oils
[26] as important agricultural products. Also plant cells,
structures and tissues has received some attention [27], [28].
Impedance spectroscopy serves to assess the quality of
agricultural products, including vegetable production [29],
[30] as well as livestock (meat [31], [32], [33]). The effects of
temperature [15] were observed and analyzed together with
the change in the state of matter visible in the impedance
profile (or also called impedance signature). EIS was used to
monitor long-term plant growth [34] and moisture content
during dehydration of vegetables [35]. It has also found
importance in medicine [36], human tissue modelling [37],
[38], [39] and human skin modelling [40], [41]. However, it
appears that only limited attention has been paid to different
fluids [42]. Considerable effort has been devoted to modeling
the impedance images of various materials and substances to
determine suitable models, especially electrical models in the
form of electronic circuits [43], [44], [45].

A well-known alcoholic liquid (plum distillate) is a
distillation product of the blue plum and important export of
the south Moravia region in the Czech Republic (called
“slivovice” in Czech language). This product was the subject
of widespread counterfeiting in 2012 with authorities reported
that counterfeit products were created from the mixing for
substitution of the plum distillate by methyl-alcohol (used in
low-cost winter windshield concentrate for cars) [46]. The
identification of counterfeit products in this case is
challenging because all products require analysis to identify
features to classify it as counterfeit. Standard methods for
chemical analysis for this purpose are resource intensive both
in terms of the required effort for collecting and sending of
samples to professional laboratories and the expertise to
analyze samples using laboratory instruments
(e.g., chromatography). Further, this challenge has a
significant time pressure because counterfeit products with
methyl-alcohol are hazardous to human health if consumed, so
they must be identified and removed quickly to prevent harm.
An optical method, Raman Spectroscopy [47], is another
technique for chemical analysis with commercially available
portable equipment but these instruments are still extremely
expensive (more than $10k USD). Therefore, there is a need
for reliable and low-cost methods for immediate identification
of dangerous or toxic substances in commercial goods that are
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for sale for consumption. Impedance spectroscopy has the
potential to meet this need as it can be relatively low-cost
(depending on the instrument) and provides details of the
passive electrical properties which are expected to be different
based on the chemical properties of a liquid. While this
technique does not provide a complex chemical analysis of a
sample, it may have potential to classify counterfeit liquids
(even if it cannot identify the wunderlying chemical
differences). This provides the motivation for this work,
to investigate impedance spectroscopy as a method
to differentiate between liquid samples of varying alcohol
content.

The specific research question that drives this work is:
Are there differences in the electrical impedance of liquid
samples with different alcohol concentrations and different
alcohol contents? To answer this study question, the electrical
impedance of 4 liquids (distilled water, plum distillate,
isopropyl alcohol, and windshield concentrate) was collected
using a precision impedance analyzer and fit to electrical
equivalent circuits to facilitate their comparison. The novelty
and contributions of our work are:

1) Reporting of impedance profiles of specific alcohol-
based samples obtained by identical measurement
arrangement and test-conditions

2) Presentation and evaluation of equivalent circuit models
to accurately represent the frequency-dependent
electrical impedance of specific alcohol-based samples
measured in a bipolar configuration, and

3) Comparative study of electrical features of the measured
liquid samples to identify characteristics to differentiate
samples  with different alcohol contents and
contaminants.

The paper is organized as follows: Section 2 shows the
method of measurement, results and electrical models of
selected samples of liquids (water, plum distillate, isopropyl
alcohol and winter windshield concentrate). Section 3 contains
the comparison and discussion of the obtained results. Next, it
includes parameters found from the analyzed results and
provides evaluation of our observations. Section 4 concludes
this work.

Il. MEASUREMENT AND IMPEDANCE ANALYSIS OF SELECTED
LiQuID SAMPLES

The electrical impedance of all liquid samples in this study
were collected using a Keysight (formerly Agilent) 4294A
precision impedance analyzer in a two-probe (or bipolar)
measurement configuration. This instrument uses a stepped-
sine measurement method, where a single sinusoidal voltage
or current excitation is applied to the sample under test. The
response of the sample at this specific frequency is then
measured and the impedance (Z = V/I) is calculated using the
current through the sample (I) and the voltage across it (V).
This process is repeated for multiple frequencies until the total
number of frequency points between the upper and lower
frequency bounds have been measured. A multi-frequency
approach is adopted because single-frequency measurements
are not sufficient to distinguish samples accurately. Many

previous works suggest wideband measurements rather than
narrowband tests, mainly due to the accurate representation of
the measured results by electrical models [43]-[45].

In this work, each liquid sample had a 25 mL volume and
was contained in a glass beaker (producer TECHNOSKLO)
for the measurement period. Between measurements of
different samples, the beaker was flushed with distilled water
and dried using a paper towel to remove any residual liquid
volumes from influencing future measurements. To interface
the impedance analyzer and the liquid sample, two wire
electrodes (copper wires with 0.5 mm diameter) were placed
into the liquid on one end and the Agilent 16047E interface of
the instrument. The wires were inserted to a depth of 20 mm
from the liquid surface with an exposed (non-isolated) length
of 15 mm. The total length of the cable from the beaker to the
measuring instrument was 150 mm. This measurement
configuration is shown in Fig. 1(a) for reference with an
example of the electrodes placed in the liquid when contained
in a beaker given in Fig. 1(b). All measurements were

collected at room temperature. The particular arrangement of
electrodes (e.g., material, exposed surface area, distance
between electrodes, depth of immersion in liquid, etc.) is
expected to impact the measured electrical impedance of the

Agilent 4294A

49 mm

=
=
= £
& tested ©

sample

Cu @0.5mm

liquid (25 ml)

34 mm

(b)
Fig. 1. Measurement setup for liquid impedance analysis: a) two-port
interconnection to impedance analyzer, b) top view photograph of real
sample (beaker), c) side view photograph of beaker

sample. Previous efforts by Freeborn et. al reported changes in
biological tissue impedance based on these factors [48], [49],
[50]. As such, the configuration utilized for each sample in
this study was fixed to facilitate comparisons between
measurements from different samples. The liquid samples
were measured across the frequency range from 40 Hz to
2 MHz. The optimum operating band (band of significant
change in the sample) is dependent on both the liquid under
test and the experimental setup (e.g. measuring device,
cabling, electrodes). Based on previous works and discussed
limitations, the operating band is targeted from low frequency

XXXX-XXXX © XXXX IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.



> REPLACE THIS LINE WITH YOUR MANUSCRIPT ID NUMBER (DOUBLE-CLICK HERE TO EDIT) <

(40 Hz) up to 2 MHz in this work for measurements to capture
characteristics of the electrode/liquid interface and liquid
characteristics. While higher frequencies can be collected by
the Keysight E4294A, they were not measured in this work as
they are typically dominated by parasitics in the measurement
configuration and not representative of the sample.
Additionally, commercially available impedance measurement
integrated circuits have frequency ranges not exceeding 1
MHz; therefore 40 Hz to 2 MHz is an appropriate to evaluate
for sensitivity to differences in the studied liquids with the
ultimate aim of developing portable instrumentation for food
safety applications. The applied level of effective (RMS)
voltage was 10 mV (rules of small-signal modeling). The
collected impedance data was saved by the instrument in the
magnitude / phase format and stored for later post-processing.
It is important to note that in the two-probe measurement
configuration, the electrical impedance reported by the Agilent
4294 A represents the impedance of both the electrode/liquid
interface and the liquid between the probes.

A. Representation of Impedance using Equivalent
Electrical Circuits

As noted previously, the electrical impedance
measurements collected from each liquid sample are
composted of data-points at multiple frequencies. Using this
approach, the frequency dependence of the sample impedance
can be observed. Traditional approaches to comparing
impedance datasets collected from different samples or at
different timepoints either compare discrete frequencies
directly or compare parameter values of equivalent electrical
circuits representing the complete range of data. Using the
equivalent electrical circuit approach, a circuit topology
appropriate to model the "shape" of the data is selected and
then component values are identified to best fit the impedance
of the circuit model to the experimental data
(often using numerical optimization methods). One electrical
equivalent circuit model that is widely used to represent
materials and biological tissues is referred to as the Cole-
impedance model [43], [44], [45] and is given in Fig. 2. The
Cole-impedance model is a three-element model with two
resistors (Re. and Rp) and one fractional-order capacitor (Cq).
Fractional-order capacitors are theoretical elements with
voltage/current characteristics defined by a fractional-order
differential equation and are often referred to as constant
phase elements (CPE) [51]. This name is in reference to the
phase angle of these devices which are constant with
frequency (but lower different than the —-90° phase of
traditional capacitors). The impedance of a CPE is defined as
Zcpe(s) = 1/s%Cq, where a is the fractional-order (between 0
and 1) and Cy is the equivalent capacity [FlSec'™]. The overall
impedance of the Cole-impedance model is given by:

Z.,.(S)=R, + M
$°C, +—
A

Given an experimental dataset, the Cole-impedance
parameters can be found using characteristics from the
Nyquist plot representation (a sample of which is given in

Fig. 2). The resistive elements of the model can be determined
using the resistance at 0 Hz (Ry = R~ + Rp) and resistance at a
very high, ideally infinite, frequency (R.). These values on
the Nyquist plot are shown in Fig. 2 where the sample data
intercepts the x-axis. The order of the CPE can be found using
@« = a1V2 and the value Cqy can be determined from the time
constant related to the frequency at which the reactance
reaches its maximum value (& = 1/1), also shown in Fig. 2.
Then, frequency ab can be expressed as:

1_ 1 . 2)

W =-= T
! (R,C, )

Finally, the value of Cq can by expressed as:

c=_1 . ?3)

While the Cole-impedance model can well-represent the
electrical impedance of materials when they exhibit the semi-
arc characteristics shown in Fig. 2, not all experimental
datasets have this characteristic. Complex materials may have
multiple semi-arcs (which can be modelled with additional R-
CPE or CPE terms [45]). Also, while parameters can be
determined using the hand-calculation process previously
described, they can also be estimated numerical search
methods applied to frequency domain [44], [45], [52], [53],
[54] and time domain [55], [56] data. In this work, the NOVA
2.1.6 extraction tool [57] was used to estimate the circuit
parameters in the topologies selected to model the
experimental data.

Re Ro R

jﬂ'nimﬁl w [rad/s]
Ca

maximal

-1/r R M=

_ “ — ﬂ o
-iX ]
A / Rp

Fig. 2. Basic explanation of Cole-Cole model

(electrochemical circle)

the simplest

B. Distilled Water

The experimental electrical impedance of the distilled water
sample is given in Fig. 3 (a), with magnitude and phase
components given. Further, the Nyquist representation is also
shown. Note that the Nyquist plot matches the shape (semi-
arc) expected of data that can be modeled using the Cole-
impedance model [43], [44], [45] and also previously
observed for distilled water [58]. The NOVA estimated Cole-
model parameters for this experimental data are given in
Fig. 4 (a). Note though that the CPE has been replaced by a
traditional capacitor (0 = 1), supporting that this liquid is well
modeled without a fractional-order term. The simulated
impedance data using the parameters from Fig. 4 (a) are
shown in Fig. 3 (a) as black dashed lines. Both experimental
and simulated data show good visual agreement, with relative
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differences of 2%-4% across the measured frequency range.
This measurement serves as a reference against which other
samples will be compared (e.g., see Table I).

C. Alcohol Plum Distillate

The electrical impedance of the plum distillate, with an
alcohol (ethanol) concentration of approximately 38% (the
water content is almost 62%, the other constituents are less
than 1%), is given in Fig. 3(b). Note that the low frequency
magnitude is not constant but increasing as frequency
decreases. Similar low frequency behavior with decreasing
phase angle is also observed. These trends indicate capacitive
low-frequency behavior that is not captured by the Cole-model
impedance. As a result, an alternative electrical equivalent
circuit (shown in Fig. 4(b)) was used to fit these data. This
alternative model replaces R, with a CPE. Using NOVA, the
estimated parameter values that best fit the plum distillate
experimental data to the model in Fig. 4(b) are also listed in
this figure. The symbolical impedance of the circuit in
Fig. 4(b) is given by:

Z,(5) :%+ 1 1 . (5)

$ta sc+—

P
Simulations using (5) with the estimated parameter values are
given in Fig. 3(b) as dashed lines for comparison against the
experimental values. The simulations show very good
agreement with the experimental data, with <3% relative
differences for the magnitude across the measured frequency
band. To support further insights into the model impedance,

equation (5) can be modified to the form:

(c+C,)s” + L (SIHCCGJ[SHCIR} .
Zlilum(s): RP = e Bl ( )

C,s"| sC M C,s| sC e
R, R,

where the equation poles can by identified at ;=0 Hz and
a2 = 1/(RpCp). The equation zeros are located at:

, :[lj". 9
. RPCa
and
w, = (&jﬁ : ®)
2 lc

This model has a pole at the origin (0 Hz) which contributes
the increasing impedance magnitude with decreasing
frequency. The second pole frequency -calculated using
Jfo2=1/(2mRpCp) with the values given in Fig. 4(b) are
Jp2=200kHz. Using (7) and (8) with the NOVA extracted
model values f;1 = 10.6 Hz and f,» has a very high (nearly
infinite value). Further evaluation of these parameters is
provided for all tested alcohol-based samples in Table II. In
our case, the theoretical low frequency resistance Ry has
infinite value (see Fig. 4(b)). The magnitude of impedance
goes to 0 for high frequencies (defined only by CPE behavior).

Note that the validity of the symbolical equations presented
for these frequencies is limited for a > 0.3.

D. Isopropyl-Alcohol

The electrical impedance (presented in magnitude, phase,
and Nyquist formats) of liquid Isopropyl-alcohol with a
concentration of 95% is given in Fig. 3(c). Similar to the plum
distillate measurements, the low frequency behavior is not
constant (which was observed for distilled water) but has
increasing magnitude/decreasing phase angle with decreasing
frequency. This supports the use of the model in Fig. 4(c)
(used to initially fit the plum distillate data) to also fit the
isopropyl-alcohol data. The NOVA estimated parameters that
best fit the experimental data from Fig. 3(c) to the model in
Fig. 4(c) are also listed in Fig. 4(c). Simulations of (5) using
these parameters are given in Fig. 3(c) as dashed lines for
comparison. They show good visual agreement with the
experimental data, with less than 3% relative differences
across the measured frequency band.

E. Winter Windshield Concentrate

The electrical impedance (presented in magnitude,
phase, and Nyquist formats) of winter windshield concentrate
(a solution with methyl-alcohol and other potentially toxic
chemicals) is given in Fig. 3(d). For this experiment,
the specific brand Aroso (for —-30°C) from the company
Aroso-Vertriebs GmbH was tested (it was selected as a
convenience sample for this initial study). The concentration
of alcohol and additional components is not presented on the
labeling of this product. Simple measurement of alcohol
concentration by hydrometer tester shows value 45%.
In comparison to the other measured liquids, the winter
windshield concentrate has the largest increase in impedance
magnitude and decrease in phase angle at low frequencies and
also generally the lowest impedance magnitude from all
measure samples. These characteristics are still well-modeled
by the equivalent electrical circuit given in Fig. 4(d) and fit
previously to the other solutions with alcohol content.
The NOVA estimated parameters of the R-C-CPE model that
best fit the experimental data in Fig. 3(d) are detailed in
Fig. 4(d). Simulations using these values in (5) are given in
Fig. 3(d) as dashed lines. The relative difference between
simulations of the equivalent model and the experimental
measurements do not exceed 1.4% over the measured
frequency band.

[Il. COMPARISON MEASURED SAMPLES AND EXTRACTED
EQUIVALENT MODELS

To compare the electrical impedance measurements of the
four liquid samples the magnitude, phase, and Nyquist
representations of each are given in Fig. 5. From Fig. 5(a), all
liquids with alcohol content (plum distillate, isopropyl alcohol,
winter windshield solution) have lower impedance magnitude
in the frequency band below 100 kHz compared to the
reference distilled water sample. A lower impedance
magnitude suggests that solutions with alcohol (and other
chemicals) have increased conductivity in comparison to the
distilled water, expected to be a result of greater numbers of
charge carriers (e.g., ions) in the solutions. The low frequency
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increase of magnitude and low frequency decrease of phase
angle observed for solutions with alcohol (compared to the
reference  distilled water) also suggests there are
electrode/liquid interactions between ions not present in
distilled water dominating the low-frequency characteristics of
the other samples. The mechanisms of these differences are
outside the scope of this work, but further research is
recommended to identify what electro-chemical interactions
drive this impedance behavior (and to determine if it may be a
potential indicator of alcohol concentration/content).

The differences in impedance magnitude/phase between

samples are also clearly observed visual as differences in the
semi-arc radius and projected x-axis intercepts (representing
the resistances at low/high frequencies) of the Nyquist plots in
Fig. 5(c). Compared to the distilled water sample, all samples
with alcohol in this study have a smaller semi-arc radius than
the distilled water. A summary of the qualitative features
estimated from the experimental results for further comparison
are provided in Table I.
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Fig. 3 Analyzed impedance of different liquid samples in: magnitude plot (left), argument plot (middle) and Nyquist plot (right)
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Fig. 5 Comparison of all analyzed samples: a) magnitude plot, b) argument plot and c) Nyquist plot
TABLE |. QUALITATIVE COMPARISON OF THE OBTAINED RESULTS
Analyzed sample distilled water plum distillate isopropyl winter windshield
(38%) alcohol (95%) concentrate (45%)
Low-frequency impedance magnitude |Z| (@ 40 Hz) [kQ] 315 139 76 7
High-frequency impedance magnitude |Z| (@ 2 MHz) [kQ] 17 11 25.2 191
Initial resistance Ry (@ 40 Hz) [kQ] 334 134 76 3.7
Final resistance R» (@ 2 MHz) [kQ] 0.68 1.06 8.91 1.90
Initial phase value (@ 40 Hz) [°] -1.3 -15.7 —4.2 -57.7
Final phase value (@ 2 MHz) [°] -87.4 -84.5 -69.4 -8.6
Type of model by used elements R-C R-C-CPE R-C-CPE R-C-CPE
Response type and frequency location of the most significant Phase (low Phase (low Phase (low magnitude and
differences of samples frequencies) frequencies) frequencies) phase (very
significant at low
frequencies)
Maximal error of the extracted model in full frequency range [%] | —6 -3 -3 +1.4

TABLE Il. COMPARISON OF R-C-CPE EQUIVALENT MODEL PARAMETERS ESTIMATED FROM ALCOHOL-BASED LIQUID SAMPLES

model plum distillate isopropyl alcohol winter windshield
(Fig. 3(b)) (Fig. 3(c)) concentrate (Fig. 3(d))

R [kQ] 112 71 1.94

C [pF] 7.1 2.9 6

Ca [Flsec'™] 474 n 45p 1.67

a[-] 0.70 0.62 0.83

Jr2 [kHz] 200 773 13 673

Ju [Hz] 10.6 1 159

Next, Table II summarizes the circuit model parameters
estimated using NOVA from the experimental impedance of
the alcoholic liquids. The frequency values f» and f;; are in
reference to the symbolical model impedance and poles/zeros
of equation (6). From the simulation data presented in Fig. 3,
the circuit models and the estimated parameters well represent
the liquids in this study showing less than 6% relative
impedance magnitude differences across all samples.

The differences in the R-C-CPE parameters also reflect the
trends that are observed in the experimental datasets.
Specifically, the decrease in impedance magnitude between
samples is reflected in the R parameter with values of 112 kQ,

71 kQ, and 1.94 kQ for the plum distillate, isopropyl alcohol,
and winter windshield concentrate, respectively. Again, this is
expected to reflect the increase in ions (or a difference in ion
species) serving as charge carriers in the solution. While there
are differences in the other parameters between solutions,
there is not a clear trend with which to classify the solutions.
Overall, this preliminary study supports that there are
differences in electrical impedance (and the resulting circuit-
model parameters to represent this impedance) between the
liquid samples in this study. Specifically, the observed
impedance magnitude decreases compared to the reference
measurement of distilled water are attributed to the alcohol
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content/concentration in the measured samples. All samples
with alcohol had impedance magnitude (at 40 Hz) 170 kQ or
lower than distilled water. Further, samples of isopropyl
alcohol and winter windshield concentrate both had higher
concentrations than the plum distillate. This suggests that the
addition of liquids (such as isopropyl alcohol or the
windshield concentrate) to plum distillate would decrease the
impedance magnitude characteristics and could serve as an
indicator of the plum distillate being genuine or
counterfeit/contaminated. This has the potential to increase
the availability of methods to quickly test liquids in real-world
environments if this method can be translated to a low-cost
portable device (highlighting future avenues for this research).
Advantages of this electrical impedance focused method are:
a) fast measurement and short evaluation time, b) possibly low
cost, ¢) simple and d) sufficiently selective (evident difference
of winter concentrate from other alcohols). Disadvantages of
the proposed concept are: a) lower accuracy than in the case of
Raman spectroscopy, b) identical arrangement and placement
of electrodes required for each measurement, their distance,
exposited depth, etc. (measuring setup must be identical in all
cases) and c)impedance profiles of liquids similar alcohol
concentrations may be difficult to distinguish. All of which
require further research to investigate, but highlights the
direction of research necessary to continue advancing
understanding of this topic and its translation into portable
equipment for liquid assessment/quality testing.

IV. CONCLUSION

This work supports that the electrical impedance
characteristic of liquid samples may have potential
applications for the classification of liquids with alcohol as
genuine or counterfeit (with potential classification of the type
of contaminant as life-threatening). The dangerous windshield
winter concentrate sample in this work had the most
significant magnitude difference compared to the other
samples. The impedance plots generated from the
experimental data in this work indicate that the concentration
of alcohol (and also other chemical components in the
samples) creates some systematical difference (decreasing
magnitude, decreasing radius of circles of Nyquist plot, high-
frequency phase response drop). However, future work is
required to evaluate if these differences are consistent across
samples measured at different times and from different
manufacturers, to identify clear thresholds or algorithmic
identification approaches to classify liquids, and to develop
low-cost portable equipment that can easily implement this
identification process in real-world settings.

The methods presented in [59], [60], show highly selective
measurements compared to our wideband low and middle-
range frequency bands. The methods discussed are aimed for
non-contact (non-invasive) human blood analysis, in particular
glucose concentration monitoring [59], taking into account the
presence of alcohol concentration [60]. In our case, the
principle of the method requires the evaluation of a wider
range of frequencies and impedances for the extraction of
electrical model parameters. In addition, the contact
(invasive) measurement is acceptable in our case because our
experiments do not involve humans or animals, but food

safety aspects.

The electrical components necessary for a portable
impedance measurement device (e.g. a specific integrated
circuit for impedance measurement, a control unit, display,
and auxiliary elements mentioned in the Introduction) are all
commercially available with potential to be integrated into the
mechanical packaging to hold liquid samples for portable
testing. With such a portable instrument, the amount of liquid,
the distance between the electrodes, and other technical details
can carefully fixed to improve repeatability and precision of
the measurement for use in field-environments where samples
for food safety need to be captured (beyond tightly controlled
laboratory conditions).

APPENDIX — CALIBRATED MEASUREMENT OF REFERENCE
IMPEDANCE SAMPLES

The experimental results of the distilled water sample
shown in Fig. 3(a) are considered as the reference sample for
comparison with the alcoholic substances presented in the
paper. Prior to collection of any measurements, the Keysight
4294A was calibrated using the open/short procedure to
reduce the effect of the Agilent 16047E interface on the
measurements. A sample of the open/short measurements
from this procedure and the measured values of discrete
components (1 kQ resistor, 470 pF and 1 pF capacitors)
measured after calibration are shown in Fig. 6.
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Fig. 6 Measurement by calibrated analyzer and setup (open, short)
showing exemplary samples of typical real resistance (resistor) and
real reactance (capacitors): a) magnitude of impedance, b) phase of
impedance
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