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Abstract

This study presents a novel methodology for applying Electrical Impedance
Spectroscopy to analyze the electrical properties of dissolvable powders, when
applied as a coating layer to quantify their thickness and moisture con-
tent. To address challenges posed by undefined geometries, powders were
dissolved and applied as coatings on custom-designed Printed Circuit Board
electrodes. Using sodium benzoate as a model material, the drying pro-
cess was monitored in off-line measurements, revealing distinct transitions in
electrical properties. Impedance and phase angle measurements effectively
tracked moisture reduction during drying, while coating thickness and so-
lution concentration also influenced conductivity. The findings demonstrate
the potential of this approach for industrial applications, such as fluidized
bed spray granulation, by enabling real-time monitoring of drying states.

Keywords: Electrical Impedance Spectroscopy, Fluidized bed coating,
SMART particle

1. Introduction

Electrical Impedance Spectroscopy (IS) has emerged as a powerful ana-
lytical technique for probing the electrical properties of substrate composi-
tions. By measuring a substrate’s impedance across a range of frequencies, IS
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tics, allowing for precise detection of changes in and identification of substrate
states [1]. Common applications of IS include monitoring corrosion processes
in metals (e.g.[2, 3]), evaluating battery performance in energy storage sys-
tems (e.g.[4, 5]), and assessing biomaterial properties in biomedical implants
(e.g.[6, 7]). In each of these applications, the continuous contact interface
between the substrate and the IS system enables reproducible measurements
by ensuring stable electrode-substrate connections. For liquid substrates,
electrodes can be immersed directly in the medium, achieving high measure-
ment accuracy, whereas solid substrates often allow reliable data collection
through firm electrode-to-surface contact [8].

1.1. Applying IS to geometrically undefined interfaces
The beneficial contact interface is compromised when measuring unde-

fined geometries, such as powders, where the measurement outcome depends
on various properties including particle density, size, and shape. These fac-
tors affect the electrical interface and can lead to significant variability in
the impedance response of multiple samples within the same batch. Exam-
ples for dissolvable powders are salts that provide high conductivity when
dissolved as ionic solution and low conductivity when dry. While IS has
been applied to study the effects of the presence of different salts on other
materials (such as in corrosion studies on metal surfaces coated with salt
layers [9]), it is rarely used to examine the electrical characteristics of the
salts themselves. Such measurements of powders pose unique challenges, as
the dispersed, heterogeneous structure of the individual particles limits the
formation of a uniform conductive path between the electrodes.

1.2. IS in fluidized bed reactors
One apparatus, in which particle systems with distributed properties are

processed, is a fluidized bed. Common fluidized bed processes include gran-
ulation or coating, during which a solid-containing liquid is sprayed onto
fluidized particles and subsequently dried, forming a solid shell [10]. To
achieve a high uniform product quality, coating properties, such as moisture
and layer thickness, need to be controlled precisely. Various materials can be
applied as coating, including crystalline materials like salts such as sodium
benzoate. By directly measuring the electrical properties of salt coating lay-
ers within the fluidized bed reactor, IS could enable real-time tracking of
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mizing coating uniformity and process efficiency. This real-time monitor-
ing provides critical feedback for controlling the coating process, leading to
improved quality and consistency in granule production. Currently, no real-
time sensor systems exist for analyzing coating layer formation directly inside
fluidized beds. Within a broader research project aimed at developing an in-
strumented sensor particle that can be inserted into the fluidized bed, the
present study focuses on establishing the underlying measurement principle
required for such a device. Rather than implementing real-time sensing, this
work aims to provide a proof of concept by examining the electrical response
of coating layers in a controlled environment. These insights are essential for
evaluating the feasibility, operating range, and future design parameters for
a particle-based sensor. The scalable measurement approach demonstrated
here is intended to support its later integration into a particle-shaped sensing
platform suitable for in-line monitoring.

1.3. Outline of this study
To address the above mentioned challenges, this study introduces a novel

approach for applying IS to analyze dissolvable powders, as the undefined
geometries make this substrate difficult for traditional IS methods. In this
method, the powders are first dissolved in deionized water and then applied as
a coating onto custom-designed electrodes on Printed Circuit Boards (PCBs)
through a controlled drying process to mimic the solid-liquid interaction in
a fluidized bed spray coating process. This approach allows for precise mon-
itoring of the electrical properties of the resulting powder layer as it forms
and dries, enabling tracking of state changes during the drying process. By
focusing on this dynamic process, the methodology provides insights into the
electrical behavior of the powder layer under varying moisture levels, support-
ing applications where understanding the formation and stability of powder
coatings is crucial. The use of PCBs with electrodes offers a cost-effective
and scalable solution for IS measurements, as highlighted by Goh et al. [11],
who reviewed advances in printed electrode technologies for electrochemical
applications.

2. Materials and Methods

This section details the materials, measurement setup, and experimen-
tal procedures used to implement the proposed Electrical Impedance Spec-

3
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ing, the topics of PCB electrodes, sodium benzoate as a coating material, IS
parameters and PCB coating procedures are explained.

2.1. Printed Circuit Board Electrodes
The PCBs are designed to be of two layers with two electrodes on the

same side. Figure 1a shows several electrode geometries that were com-
pared to determine the design with the lowest idle impedance. Minimizing
idle impedance is a crucial set screw for the Signal-to-Noise Ratio (SNR) of
the coating layer impedance, as the specific electrode geometry dictates the
setup’s capacity and therefore its part of the measurement impedance. This
allows for more precise and reliable measurements of the electrical properties
of the coating. Each design allows a two-terminal measurement setup, where
excitation electrodes are also used as measurement electrodes for both voltage
and current. This design includes the contact impedance between electrode
and substrate in the measurement, which is treated as additional information
in the IS to enable a more detailed post-process interpretation of influencing
parameters. The gap between the electrodes is 1mm for the bigger geometries
V 1 and 0.5mm for the smaller geometries V 2 for all geometry layouts, with
varying electrode surface areas. The geometric design with the lowest idle
impedance was determined through a preliminary study, where the circular
electrode design proved to be superior as shown in Figure 1b and even more
visible in the according magnification at 100 kHz shown in Figure 1c. While
only connected through air in this measurement scenario, causing capacitive
impedance results, the electrodes are designed to also connect to materials
in a conductive manner. Measurements were conducted with both the con-
ductive as well as the capacitive electrodes in scenarios where reference data
was required. The PCBs were ordered from AISLER B.V., NL. The boards
have a thickness of 1.6mm, the base material is FR4 TG 140 ◦C and the
electrodes are made of 35µm copper coated with an ENIG finish. The latter
stands for a protective layer of nickel and gold [12, 13].

2.2. Electrical Impedance Spectroscopy (IS)
IS was performed using the MFIA 5 MHz Impedance Analyzer in combina-

tion with the MFITF Impedance Test Fixture by Zurich Instruments AG
2024, CH. The device provides a software interface with a frequency sweep
tool. Comparability across the measurements was achieved through identi-
cal sweep parameters, where the frequency range was set to 1 kHz...1MHz

4
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(a) Golden electrodes are made with an ENIG-finish, pale electrodes are covered by the manufac-
turer’s insulating solder mask. Each geometry has a big layout(V1 ) and a small layout (V2 ).

(b) Impedance spectroscopy. Legend in Figure 1a.

(c) Impedance spectroscopy magnification on 100 kHz. Legend in Figure 1a.

Figure 1: Preliminary electrode comparison of different two-terminal measurement con-
stellations with varying geometries (rectangular, circular, plated) and with/without solder
mask (capacitive/conductive) to the determine electrical idle impedance.

with 500 measurement points. The frequency range was chosen to reduce
low frequency behavior such as capacitive double layer effects. The voltage

5
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This resulted in an excitation signal of up to 3V and 10mA [14].

2.3. Sodium benzoate
Sodium benzoate was chosen as exemplary coating material for the exper-

iments in this study. The white, crystalline material is produced by neutraliz-
ing benzoic acid with sodium hydroxide and commonly used as a preservative
in food and beverages [15].

2.4. PCB experiments
The goals of this study were to identify conductivity changes of the coat-

ing during a drying process as well as to establish a mapping of this change
to actual process parameters such as layer thickness and moisture content.
For this, different measurements were conducted, with the key scenario rep-
resenting a complete drying process from a solution state to a dried layer of
sodium benzoate. The distinct states (liquid, solid coating layer with mois-
ture and dry coating layer) of the coating material during drying are declared
as drying states. To further investigate those drying states, individual scenar-
ios were introduced to cover measurements of isolated drying states. These
scenarios include measurements of solutions with different sodium benzoate
concentrations and analysis of the coating layer with respect to its height.

2.4.1. Coating procedure
For coating the PCB surface analogously to a fluidized bed process, a so-

lution of deionized water with 30wt−% of sodium benzoate was used. Due to
poor wetting in a static setting, as discussed in section 3.1, additional spread-
ing with a pipette was necessary to ensure the formation of a thin, uniform
film. Comparable drying conditions to an exemplary fluidized bed coating
process are achieved through drying in an oven at 80 ◦C after application of
the solution. The temperature was chosen based on preliminary experiments,
in which this setting was found to favor the formation of smooth, uniform
coating layers.

2.4.2. Continuous drying process
A continuous drying process was emulated in an oven at 80 ◦C and contin-

uously validated. The sample was measured in an interval of 2min using IS.
To track the moisture content in the sodium benzoate coating, the mass of
the coating was measured at each measurement step. For each measurement
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Figure 2 illustrates the process.

Figure 2: Measurement procedure for a continuous drying process.

2.4.3. Sodium benzoate concentration
During the drying process, water evaporates from the solution leading

to an increase in sodium benzoate concentration until it eventually forms a
dried coating layer. To determine the transition from the solution to the solid
state during drying, it is essential to first correlate the IS data to the sodium
benzoate concentration. For this purpose, solutions with varying concentra-
tions of sodium benzoate were analyzed using IS in a separate experiment.

7
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Figure 1a, which were immersed in the various solutions. These solutions
were contained in beakers and ranged concentration levels from 0wt−% to
30wt−% in increments of 5wt−%.

2.4.4. Coating layer analysis
In the final step of the drying process, a solid layer of sodium benzoate is

formed on the electrode. This coating is characterized by its thickness and
moisture content. From an electrical point of view, the transition from a so-
lution state to a dried layer is supposed to be a continuous process. By this
definition, a completely dried state has to be achieved to derive an isolated
correlation between layer thickness and impedance, where the influence of
moisture is non-existent. Considering the ability of sodium benzoate to ab-
sorb water out of the ambient air, this process was realized by cooling down
the coated electrodes in a desiccator after a sufficiently long drying time in
the oven. On the one hand, different sodium benzoate coating layer thick-
nesses were achieved by varying the amount of solution applied to the PCB,
on the other hand, additional layers were added after the previous layer was
completely dried. To analyze the effect of ambient moisture being absorbed
by the sodium benzoate, some samples of dried coating layers were left to
cool down without using a desiccator leading to a change in the IS . However,
the amount of water absorbed from the ambient air was not detectable when
weighing the sample.

2.5. Coating layer thickness
To measure the thickness of the applied sodium benzoate layers, the

coated PCBs were analyzed using the 3D Optical Profilometer VR-6000 by
Keyence Corporation, JP. A structured light is projected diagonally on
the sample by two LEDs. Height differences on the sample surface cause a
distortion of the striped light, which is recorded by a camera placed above
the stage. From the distorted light projection, the sample height is mea-
sured and the three-dimensional surface is reconstructed. Figure 3 shows an
exemplary image of a coated PCB as recorded by the profilometer.

As the profilometer is only capable of measuring relative distances, the
uncoated PCB surface (area made of FR4 TG 140 ◦C ) was defined as ref-
erence plane for layer thickness evaluation. This was done to equalize tilted
positions of the PCBs and referring the top of the coating layer to the coated
surface. Afterwards, a threshold was applied to differentiate between sodium

8
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remaining copper and the labels. The exact value of the threshold depended
on the height of the coating layer and the directly surrounding parts of the
PCB for each individual measurement. According to this criterion, the coated
area was identified and the average height of the coating above the reference
plane was determined.

Figure 3: Exemplary coating of a PCB with sodium benzoate.

2.6. Surface characterization
In order to ensure sufficient wettability of the PCBs to achieve an sodium

benzoate adequate coating, the roughness of the PCB surface and contact
angle of sodium benzoate solution droplets on different materials of the PCBs
were analyzed. The former was measured using the same profilometer as for
the layer thickness measurements in section 2.5. Measurements were carried
out on the capacitive and the conductive electrodes (electrodes with and
without soldermask, respectively) as well as on the surrounding base material
[12]. Again, the tilted position of the PCBs was corrected to enable evaluation
on a horizontal plane. Afterwards, the surface roughness, characterized by
the arithmetic mean height, was determined in a circular or rectangular area.

For contact angle measurements according to the sessile drop method, the
goniometer model 100-00-15 by ramé-hart instrument co., USA was
used [16]. Images were recorded with a framerate of 1 fps over a duration of
10min using a video camera (XC-77CE, Sony, JP). For each tested surface
(ENIG-finish, solder mask, and FR4 TG 140 ◦C ) three 10µL-droplets of an
aqueous solution containing 30wt−% sodium benzoate were analyzed. To
determine the contact angle, the circle method was applied using the drop
shape analysis program DSA4 by Krüss, GER [17].

9
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First, the surface characterization of the investigated PCBs is presented
with regard to the impact on the coating. Afterwards, different experiments
to correlate the IS measurement results to coating layer properties are dis-
cussed.

3.1. Contact angle
For all three surfaces (ENIG-finish, solder mask, FR4 TG 140 ◦C ) in-

vestigated, a decline in contact angle was observed over time, as shown in
Figure 4. A constant contact angle was not reached within the measurement
time, showing that in a static setting, droplet spreading happens compara-
tively slow. In a fluidized bed however, spreading is additionally influenced
by particle and droplet dynamics.

Similar values were measured on the solder mask of the capacitive elec-
trode, for which the contact angle decreases from (59.8±3.2)◦ to (47.2±6.6)◦,
and on the FR4 TG 140 ◦C surface, where the initial contact angle of
(55.1±1.4)◦ reaches a value of (46.9±1.7)◦ after 10min. Both curves display
a nearly linear behavior. Due to the roughness of 3.81 µm on the capacitive
electrode and 2.04 µm on the FR4 TG 140 ◦C surface and the fact, that
macroscopic angles were all below 90◦, the microscopic contact angle is as-
sumed to be higher than the macroscopic ones [18, 19].

In contrast, the ENIG-finish of conductive electrodes showed a distinct
hydrophobicity with a starting angle of (84.9 ± 6.2)◦ that initially declines
rapidly, before eventually also linearly decreasing to (67.1 ± 6.6)◦. Again,
as the measured contact angles are below 90◦, the microscopic angle is as-
sumed to be lower compared to the measured contact angle due to the surface
roughness. However, since the roughness was determined to be 0.94µm, the
contact angle is less influenced compared to the other two surfaces.

With regard to sodium benzoate coating of the PCBs, particularly both
conductive and capacitive electrodes, the contact angle measurements in-
dicate, that natural spreading of the droplets might not be sufficient for
efficient coverage. Consequently, other experimental methods of this study
were adapted to incorporate additional spreading of the liquid with a pipette
in order to ensure a full coverage of the electrodes with a thin solution layer.
Another approach to improve spreading behavior is the modification of the
solid surface by changing the roughness, which has an effect on the macro-
scopic contact angle [19].

10
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Figure 4: Contact angle of sodium benzoate solution droplets on different PCB surfaces.

3.2. PCB electrodes
First, the results of the PCB measurements during the continuous dry-

ing process as described in Section 2.4.2 are discussed. Furthermore, the
experiments in Section 3.2.1 and 3.2.2 are used for identification of different
drying states within the continuous drying process. The impedance spec-
troscopy of the continuous drying process is shown in Figure 5 and Figure 6
for conductive and capacitive PCB electrodes, respectively. The measure-
ments were performed using the circular electrode geometry with its bigger
geometry shape V1 as shown in Figure 1a. They include the impedance and
phase angle of multiple measurements at different time steps during the dry-
ing process from a solution state (high moisture content) to a dried coating
layer (low moisture content). Both the conductive and capacitive electrodes
show similarities in their change of absolute impedance during drying. This
is assumed to be caused by evaporation of water and subsequent solidifica-
tion of sodium benzoate, which reduce the number of free ions in the moist
coating layer, thereby decreasing conductivity and increasing impedance.

Figure 7a shows an impedance range for the conductive electrodes from
below 100Ω to over 100MΩ throughout the drying process. With decreas-
ing moisture content over the course of drying, higher impedance values are
measured, as indicated by the curves moving up in the diagram. Addition-

11
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(a) Absolute impedance.

(b) Phase angle.

Figure 5: Impedance spectroscopy throughout the drying process for conductive PCB
electrodes with decreasing moisture over the experiment. 0wt−% corresponds to the
uncoated board.

ally, the progress of drying can be observed in the phase angle as shown in
Figure 7b, where the shape of the curve changes over moisture. As moisture
content decreases, the electrical characteristics transition from a conductive
behavior (Phase angle ≈ 0◦), allowing charge to flow, to an insulative be-
havior (Phase angle ≈ −90◦), where charge is stored. Looking closer at

12



Journal Pre-proof
Jo
ur

na
l P

re
-p

ro
ofthe difference between uncoated electrodes (0wt−% water) and electrodes

coated with a dried sodium benzoate layer (9.86wt−% water) shows mini-
mal differences in impedance and phase. This leads to the conclusion that
the electrical permittivity ϵr of dry sodium benzoate is similar to that of air,
making changes to sodium benzoate challenging to detect.

This change directly reflects the drying process, where the loss of the ionic
solution causes the sample to lose its ability to conduct current and instead
begin to store it. Although the impedance magnitude reflects changes in
moisture content, these changes can be inconsistent and abrupt. In contrast,
phase angle changes exhibit more stable trends and allow clustering into
drying states as can be observed in Figure 7b. When comparing results from
Figure 7b with results from measurements in Section 3.2.1 and Section 3.2.2,
it is possible to identify a predominantly liquid and a mostly dry state as well
as intermediate states of the moist coating layer. Looking at the phase angle
in Figure 7b, it slowly approaches the 0◦ line at 1 kHz for decreasing mositure
contents before it completely changes its overall shape at 17.46wt−%. At the
end of the drying process, the phase angle stays almost constantly at −90◦.
This represents the non-conductive property of dry sodium benzoate and
shows its capacitive nature in the setup used. Therefore, Figure 7b supports
the ideas of clustering the drying states through the impedance’s phase angle
while differentiating the drying process within a drying process.

Comparing Figure 6a to Figure 7a shows, that the absolute impedance
for capacitive electrodes is generally higher compared to conductive elec-
trodes, although the overall impedance range is narrower. This behavior can
be attributed to the default capacitive coupling, which prevents a conduc-
tive connection between electrodes, hence causing higher impedances even
when measuring a low-resistive solution state. Still, changes in the moisture
content of sodium benzoate layers on a capacitive electrode generally had
a similar effect on electric behavior in the conductive case: High moisture
content resulted in lower impedance values, while dry solid layers had a high
impedance, comparable to an uncoated PCB. The shape of the phase angle
curve is also affected by the water content, indicating a change in electri-
cal behavior from 10 kHz to 100 kHz. Figure 6b shows that for all moisture
levels above 11.64wt−%, the phase angle changes continuously over the fre-
quency range from 10 kHz to 100 kHz. This change depends on the amount
of moisture in the coating layer.

In both cases, conductive and capacitive, the influence of the moisture
content can be observed through changes in the complex electrical impedance.

13
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(a) Absolute impedance.

(b) Phase angle.

Figure 6: Impedance spectroscopy throughout the drying process for capacitive PCB
electrodes with decreasing moisture over the experiment. 0wt−% corresponds to the
uncoated board.

To showcase this influence in more detail, Figure 7 exemplary shows the
impedance and phase angle over moisture content at a frequency of 100 kHz.
Interestingly, between 20wt−% and 40wt−% water content in the sodium
benzoate coating layer, a drastic change in impedance and phase occurs.
As described previously, the impedance increases with decreasing moisture
content. This may mark the change from a predominantly liquid solution to

14
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(a) Absolute impedance.

(b) Phase angle.

Figure 7: Impedance of the drying process for conductive electrodes correlating impedance
and moisture of the coating layer at 100 kHz. The highest impedance represents the board
only (far left) and the highest moisture corresponds to the initial droplet (far right).

Conductive electrodes were chosen for further analysis, as they cover a
broader phase angle range than capacitive ones, enabling easier process state
discrimination with a single measurement principle.

3.2.1. Sodium benzoate concentration in solution
As the coating process starts with a liquid solution of sodium benzoate

and deionized water, influence of sodium benzoate concentration in solu-
tion on the impedance was investigated. Figure 8 shows the IS measure-

15
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impedance plots for different sodium benzoate solution concentrations in Fig-
ure 8a reveal the expected increase in conductivity with higher sodium ben-
zoate concentrations due to a higher number of free ions in the solution.
Moreover, the impedances measured for all solutions converge from a static
decline to a constant absolute value at higher frequencies, as shown in Fig-
ure 8a. This behavior reflects the conductive nature of the solution at higher
frequencies and the capacitive behavior caused by the double-layer effect at
lower frequencies, as described in [1].

A comparison of Figure 8b and Figure 7b reveals that sodium benzoate
concentrations during drying can be inferred from matching phase behavior.
This can for instance be seen in the shape of the curves of solutions containing
≤5wt−% sodium in Figure 8b, which is similar to the phase angle curves of
layers with a water content of 57.79wt−% to 70wt−% in Figure 7b.

3.2.2. Coating layer analysis
Throughout the investigation of dried coating layers, an influence of the

additional exposure to ambient conditions on the measured impedance be-
came apparent. Due to the hygroscopic nature of sodium benzoate the coat-
ing layer can absorb water from the ambient air, which leads to slightly
different moisture contents and thus different impedance, when measured di-
rectly after drying in an oven or after being exposed to ambient conditions
after drying. To keep the moisture content as low as possible but still allow
impedance measurement at ambient temperature, coated PCBs were cooled
in a desiccator after complete drying. Figure 9 shows the impedance and
phase angle of coated PCB directly after drying and after storage in the
desiccator for two layer thicknesses. Different thicknesses were achieved by
creating an additional coating layer on the electrode, measuring impedance
and layer thickness, and afterwards applying more sodium benzoate solution
on top of the existing layer and repeating the subsequent steps for layer for-
mation and characterization. The blue curve of the first coating layer was
recorded immediately after removal from the drying chamber, once the first
coating layer was completely dried. In contrast, the orange curve was mea-
sured after a cooling phase in a desiccator. The second layer was measured
analogously to the first. While the increased temperature of the electrodes
right after the drying process should cause a change in the resistive behavior,
the measured phase angles in Figure 9b show a change in the overall char-
acterization represented by a non-constant phase angle over the frequency

16
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(a) Absolute impedance.

(b) Phase angle.

Figure 8: Impedance spectroscopy of solutions with different sodium benzoate concentra-
tions measured with conductive PCB electrodes.

range. This can be seen especially for the measurement of the second coat-
ing layer after the desiccator, where the storage time was significantly longer
compared to the first layer. The most likely interpretation for the different
measurement results is the absorption of ambient humidity by the hygro-
scopic sodium benzoate layer even inside the desiccator if the storage time is
sufficiently long. In contrast to storage time, the effect of the temperature

17
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measured for the first layer right after the drying compared to its measure-
ment after the cool down phase. Because of these observations, subsequent
measurements were taken right after taking the samples out of the drying
chamber to avoid any absorption of water before the measurement.

Consequently, in a second experimental series, the effect of coating layer
thickness was isolated by avoiding the cooling phase and measuring impedance
immediately after drying. Figure 10 shows the corresponding results. Here,
the phase angle in Figure 10b remains consistently at −90◦ across all tested
frequencies, indicating no or very low moisture in the coating layer. The noise
in the lower frequency area likely results from the measurement setup. At
high impedances (≤1MΩ), the measured currents are small, resulting in a low
signal-to-noise ratio, where a small amount of noise significantly impacts the
results. Due to this, only higher frequencies were taken into consideration.
For instance, when magnifying the impedances in Figure 10a at, for exam-
ple, 100 kHz, a decrease in impedance compared to an uncoated electrode
is observed, suggesting a higher relative permittivity. Although differences
in layer thickness are visible as differences in the electrical impedance, those
differences are small and therefore only visible through magnifications in Fig-
ure 10c. This result leads to the conclusion, that IS is less sensitive to the
layer thickness compared to the moisture parameter. Nevertheless, Figure 10
shows a clear trend over a wide span of thickness values. Coatings produced
in fluidized bed processes are usually thinner than the layers on PCBs mea-
sured in this paper [22]. However, the correlation between layer thickness
and impedance shown in Figure 10 is assumed to be similar for lower thick-
ness values as long as the electrode is covered. The measurability of these
differences allows observation of changes in the coating layer thickness in
dried layers via IS .

Final remarks to the measurement principles
The continuous drying experiment is characterized by several execution steps
and possible variations that are ideally controlled. These variations include
the amount of applied solution, the spreading method, the position in the
drying chamber, and the ambient conditions, among other influencing fac-
tors. This results in a sensitive procedure with challenging reproducibility
even with reproducibility in mind, leading to at least slight variations in
measurement data for each repetition. The data presented in this study
shows the overall trend observed in all measurements alongside a representa-
tive measurement series. Exemplarily, for conductive electrodes covered by a
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(a) Absolute impedance.

(b) Phase angle.

(c) Absolute impedance magnification at 100 kHz.

Figure 9: Impedance spectroscopy of a multilayer coating that experienced absorption
of humidity from ambient air. The blue and light gray measurements were taken right
after the drying chamber, while the other two measurements were taken after storage in a
desiccator.

sodium benzoate coating with a moisture content of approximately 58wt−%,
the impedance spans 211Ω to 280Ω at 1 kHz and 53Ω to 111Ω at 1MHz;
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(a) Absolute impedance.

(b) Phase angle.

(c) Absolute impedance magnification at 100 kHz.

Figure 10: Impedance spectroscopy of dried sodium benzoate layers of different layer
thickness measured with conductive electrodes.

the corresponding phase angles range from −66◦ to −54◦ and from −2.1◦ to
−1.9◦, respectively.

One challenge was the timing of the drying process, as each IS measure-
ment required approximately 1.5min, thereby limiting the achievable tempo-
ral resolution which is connected to e.g. varying temperatures and continued
drying during the IS measurement. Ensuring that the applied solution vol-
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period was also required [20].
Another challenge in forming the coating layer on the electrodes occurs

due to the crystalline nature of sodium benzoate. When applied as aqueous
solution and subsequently dried, the coating layer structure is influenced by
the evaporation rate of the water as crystal formation is affected, as observed
by Orth et al.[21]. In order to produce uniform coating layers made of sodium
benzoate, as characterized by a smooth surface and mostly constant thick-
ness, that are in contact with the whole electrode, the drying temperature
was set to 80 ◦C as mentioned in Section 2.4.1. At these drying conditions,
the solid layer stayed in contact with the electrode while only showing mini-
mal crystal growth and providing an overall smooth layer surface. However,
the extent, to which growing of the sodium benzoate crystals occurred, was
not completely equal for all experiments.

To evaluate the specific impact of variables like moisture content, tem-
perature and layer thickness, this study isolated each effect in distinct mea-
surement scenarios. While this confirms that IS can successfully detect and
trance impedance changes back to these individual origins, translating these
signals into validated, absolute measurements of individual properties in an
uncontrolled environment, where effects overlap, need to be investigated in
future studies. Nevertheless, these isolated scenarios successfully prove the
general measurability of layer properties via IS , even with a general electrode-
substrate interface.

4. Conclusion

In this study, a novel method was developed for applying Electrical Impedance
Spectroscopy (IS) to analyze the electrical properties of salt coating layers,
specifically sodium benzoate. Traditional IS approaches encounter substan-
tial difficulties when applied to powders, as undefined geometries and vari-
able substrate–electrode interfaces lead to inconsistent measurements. The
method proposed here addresses these limitations by dissolving the salts in
deionized water and forming controlled, reproducible coatings on custom-
designed Printed Circuit Board (PCB) electrodes through a defined drying
process.

The experimental results show that the method can capture characteris-
tic changes in electrical properties during drying, enabling observation of the
transition from aqueous solution to solid crystalline material. Under idealized
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were clearly identified, and an impedance range relevant for later in-line mon-
itoring was established. However, the study also reveals several factors that
limit measurement reproducibility, including humidity uptake by the salts,
temperature- and time-dependent crystallization behavior, and sensitivity to
drying dynamics. These influences led to hardly predictable impedance de-
viations between repeated measurements, highlighting the sensitivity of the
method to small variations in environmental and process conditions.

The variability observed indicates that precise, standalone state identi-
fication based solely on single-point impedance values may not be feasible
without a thoroughly populated data base. Nevertheless, when considering
the characteristic evolution of the impedance signal during continuous dry-
ing, the method shows promise for tracking transitional states over time,
which is particularly relevant for in-process monitoring in coating and spray-
granulation operations. Furthermore, the salt used in this study (sodium
benzoate) was not tailored for the experiments and highlights the potential
of the presented method to be applied to similarly dissolvable substrates
which would otherwise be difficult to analyze electrically due to their unde-
fined geometries as powders.

Overall, this study advances the application of Electrical Impedance Spec-
troscopy to salt-based particle systems and provides a foundational mea-
surement approach that supports the development of continuous, transition-
oriented monitoring strategies in industrial coating processes.
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• Correlated moisture content and coating layer thickness to electrical properties
• Demonstrated potential for monitoring of fluidized bed spray granulation
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