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Abstract
This paper deals with the fabrication, modeling and experimental characterization of a monitorable
and renewable graphene-based pollution filter. The main goal is to demonstrate a method to monitor
the status of such a filter in real time during its operating phases: pollutant adsorption, saturation,
and regeneration. The filter is realized by a disk of pressed graphene nanoplatelets. This is a low-
cost type of graphene which has recently drawn great interest due to its potential use in large scale
industrial production. Here the nanomaterial is obtained through the exfoliation method assisted by
microwave irradiation, by exploiting the thermal expansion of commercial intercalated graphite,
according to a low-cost and ecologically friendly procedure. The filter is used here to adsorb
acetonitrile, a toxic water-soluble organic compound that is present in some industrial solvents and
paints. The monitoring method is based on the interpretation of the time variation of the electrical
impedance measured during filter operation. There are two main results of the paper: Firstly, the
graphene filter is shown to be effective in adsorbing the above pollutant, with the additional feature
of being fully renewable: all the pollutant can be removed from the filter without the need of costly
physical or chemical processes. Secondly, monitoring of the time-evolution of the electrical
impedance allows efficient detection of the different phases of the filter life cycle: clean, polluted,
saturated and regenerated. This feature is of potential interest since it enables the predictive
maintenance of such filters.

Keywords: graphene nanoplatelets, monitoring, pollution filter, impedance analysis, electrical
characterization

(Some figures may appear in colour only in the online journal)

1. Introduction

Given their unique properties such as low density, large
specific surface area, and outstanding electrochemical per-
formance [1], graphene-based materials have been recently
proposed for environmental applications like pollution filter-
ing [2, 3]. An application of potentially great interest is water
remediation, since nowadays water pollution by soluble toxic
compounds is causing great concern and thus a huge world-
wide effort has been devoted to assessing more and more
efficient technological solutions for water cleaning. Graphene
filters have been proven to clean water about ten times faster
than current commercial filters [3] and to be effective in
removing metal ions and organic compounds [4].

Nowadays, the most popular water remediation technology
is that based on activated carbon (AC) filtration that still
demonstrates the most convenient cost/effectiveness ratio among
the available solutions [5]. Although this popular technology is
effective to reduce contaminants such as some organic chemicals
and heavy metals like lead [5], its main limitations are given by:

(i) limited range of pollutants adsorbed;
(ii) non-negligible impact of the fabrication process;
(iii) costly maintenance and limited filter regeneration.

Indeed, AC filters do not have good performance in
removing metals or bacteria and viruses. Additionally, their
fabrication process has a non-negligible environmental
impact, being based on solid material (typically petroleum
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coke or peanut shells) to be activated in steam at very high
temperature (about 1260 °C). As for the maintenance, the
status of the filter can be only predicted and its substitution
scheduled on intervals indicated by the manufacturers, instead
of being related to the actual status. Finally, these filters may
be regenerated only if they have not adsorbed toxic com-
pounds, otherwise they become a waste and need to be treated
with care [5, 6].

Two main solutions to the above issues are under
investigation: enhancing the capture capacity of AC filters by
chemical modification; or moving to new materials like gra-
phene or other carbon-related materials, whose advantages
over AC are foreseen to influence the next generation of fil-
tering technologies [7].

Filters made of graphene related materials are known to
be able to provide solutions to the above issues (i)-(ii).
Indeed, properties like the presence of delocalized electrons,
the high surface area and the possibility of being functiona-
lized, allow such filters to broaden the spectrum of adsorbed
pollutants, including for instance microorganisms [7–14]. As
for the impact, graphene materials like the nanoplatelets used
in this paper may be fabricated with low-impact and envir-
onmentally friendly processes (like that indicated in this paper
in section 2). In addition, such solutions are characterized by a
relatively low quantity of materials to achieve a target capa-
city [7]. As for issue (iii), the results of this paper suggest a
promising way to face this problem.

In more detail, graphene-based filters have been so far
proposed in the form of synthetic graphene oxide, GO [8–11],
of functionalized structures such as metallic nanomaterials
grown on graphene sheets [12], of carbon nanotubes, CNTs
[13] or in hybrid carbon nanotube-graphene arrangements
[14]. In all cases, graphene filters exhibit high adsorbing
capacities towards dyes, antibiotics and heavy metals
[10–14]. In particular, heavy metal ions such as cobalt and
cadmium were considered in [8], showing that GO has the
highest adsorption capacity among those used so far. This is
mainly due to its large surface area and the presence of dif-
ferent functional groups containing oxygen on the surface,
which make each atom of this element available to chelate the
metal ion. In addition, the presence of delocalized π-electrons
allows a strong complexation through an acid-base interaction
of Lewis, which obviously contributes to the adsorption of
ions. Another important feature is related to the thermo-
dynamic behavior: during absorption the values of standard
enthalpy and of standard entropy variations are indeed posi-
tive, indicating the absorption of heat and the spontaneity of
the adsorption, respectively. A final advantage of using gra-
phene is that at higher temperatures absorption becomes more
favorable [11].

Given this promising performance, the main reason for
which the graphene filters are not yet available as commercial
solutions is their fabrication cost [7]. Therefore, great effort is
devoted to industrialize such solutions, assessing technologies
with the capability to scale production to high rates and low
sale costs, guaranteeing the requested levels of reproducibility
and reliability. For instance, in [15] the industrially adaptable
method of blade coating has been used to manufacture large

graphene membranes. At present therefore the above-men-
tioned materials (GO membranes, functionalized sheets, etc)
do not fully meet the requirements for a suitable industrial
technology, hence alternative solutions are still being
investigated.

This paper investigates filters made by from so-called
graphene nano-platelets, GNPs [16], a material that combines
large-scale production, low costs and excellent physical
properties, compared to other commercial graphene-related-
materials [17],

The main goal is to demonstrate a method able to monitor
in real time the status of such a filter during its operating
phases: pollutant adsorption, saturation, and regeneration. The
method is based on a joint use of experiments and modeling.

To this aim, section 2 describes the filter fabrication
(§ 2.1) and the proposed monitoring method, along with the
experimental setup details (§ 2.2). The filter is fabricated with
a cheap and reliable technique, exploiting the results of our
previous work [18–20]. The proposed real-time monitoring
method is based on the measurement of the filter electrical
impedance during the adsorption of the pollutant. The main
idea is that of exploiting the high sensitivity of the graphene
electrical parameters to the presence of external atoms inside
its lattice, such as carrier mobility [21], electrical conductivity
[22], electrical permittivity and magnetic permeability [23].
Note that this is the same principle that is exploited to tailor
the electrical properties of graphene by using intentional
doping [24].

In section 3, the monitoring setup is studied in detail,
through experiment assessment, circuital modeling and cali-
bration procedure. Then it is used to demonstrate the feasi-
bility of the proposed technique. Specifically, this work
studies the adsorption of acetonitrile, a water-soluble organic
compound with a triple bond, widely adopted in industrial
processes.

2. Materials and methods

2.1. Filter preparation

In this paper, the pollution filter has been fabricated with
pressed GNPs. Although this nano-flake powder may be
fabricated in several different ways, such as spark plasma
synthesis [25], promising techniques suitable for industrial
production are the so-called ball-milling [16], microwave
radiation [18, 19], or the recently-proposed wet-jet milling
processes [26].

Here, the GNPs have been produced via microwave
radiation, starting from a commercial low-cost graphite from
Anthracite Industries, Inc., of asbury carbons. It is graphite
intercalated with sulfates and nitrates, positioned between the
various carbonaceous layers, prepared in an acid environment
(pH between 1 and 6). The GNPs are obtained by a low-cost,
environmentally friendly and industrially scalable procedure
based on microwave irradiation, sonication and a final
vacuum filtration, which we have formerly proposed in
[18–20].
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Although pollution filters may be realized with many
other types of graphene-related materials with different
shapes and dimensions, a comparison of different materials is
out of the scope of this paper, whose goal is to demonstrate a
monitoring method. Note that the fabrication procedure
implemented in our laboratory allows us to control the GNP
transverse size and to obtain a few-layer graphene material
(from 4 to 10 layers, see figure 1(b) in [27]). This feature is
essential to provide to GNPs characteristics and properties
almost comparable to those of the much more expensive
graphene mono-layers, e.g., [18, 19]. The number of layers
may be further reduced with deionizied water during the
exfoliation [28].

To fabricate the filter, the GNPs are further pressed at
700 N into a hollow cylinder, assuming the desired density
(about 0.12 g cm−3) and shape (a disk with a diameter of
about 3 cm, and a thickness of about 0.6 mm, figure 1). Six
samples of the filters have been produced with the above
technique, whose dimensions are given in table 1.

The SEM micrograph, reported in figure 2(a), shows the
surface of pressed filter: the GNPs appear flattened and close
each other to form a network in which are present pore-like
hole. The contours and arrangement of the GNPs at
the surface are depicted in figure 2(b) (by using the
marker-controlled watershed segmentation technique, by
Mathworks®). Note that the values of density and thickness
are chosen to guarantee mechanical stability of the sample
during the experiments.

A Raman characterization has been carried out on the
produced GNPs, by means of a Renishaw® InVia Raman
microscope, equipped with a 633 nm laser and an
1800 l mm−1 grating: in the stacked spectra, reported in
figure 3, the G and 2D band are shown. Although the
synthesis is carried out in atmosphere, any presence of oxi-
dation are not detected, related to the D peak absence or at
very low intensity. Furthermore, the wide range number of
layers (4 to 10) is confirmed by the evolution of 2D peak [29].

Finally, an energy dispersive x-ray (EDX) analysis car-
ried out on the GNPs highlighted a good level of purity of the
material, as shown in table 2. The presence of O, S and N is
due to the impurities coming from the fabrication process. In
fact, as already mentioned, the exfoliation occurs by the
suddenly evaporation of sulfates and nitrates, intercalated
between graphene planes. Finally, Si and Na are impurities

Figure 1. The GNP filter (a) before and (b) after being pressed.

Table 1. Dimensions (in mm) of the realized filter samples.

Sample # 1 2 3 4 5 6

Diameter 28.4 30.8 31.7 28.3 32.6 30.2
Thickness 0.6 0.6 0.6 0.6 0.7 0.7

Figure 2. (a) SEM detail of the filter surface; (b) Marker-Controlled
Watershed Segmentation of SEM image outlining the arrangement
of GNPs at the filter surface.

Table 2. Results of the EDX analysis of the graphene nanoplatelets.

El. Z Series
Norm.
C [wt%]

Atom.
C [at%]

Err. (1
Sigma) [wt%]

C 6 K 85.40 89.62 9.72
O 8 K 11.09 8.73 1.67
Si 14 K 2.64 1.18 0.30
Na 11 K 0.60 0.33 0.08
S 16 L 0.22 0.09 0.31
N 7 K 0.05 0.04 0.05

Total: 100 100
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coming from glassware or solvent during the sonication
process.

2.2. Monitoring method: experimental setup and equivalent
circuit model

As pointed out in the Introduction, the method proposed here
is based on the joint use of the monitoring of the electrical
impedance filter and of its interpretation based on an
equivalent circuit model. The method is based on the well-
known high sensitivity of the graphene electrical properties to
the presence of external elements adsorbed in its lattice
[21–23, 30], in this case the pollutant. To this end, the pro-
posed system is monitoring the impedance in real time, during
the filtering operation, without interfering with it.

The design and the realization of the proposed setup are
reported in figures 4 and 5, respectively. The graphene filter is
placed between two metal rings of the same dimensions, hold
together by four insulated clamps. The two metal rings are
then connected to an impedance analyzer. The polluted water
flows through a hollow plastic cylinder located at the center of
the filter. To avoid leakage, a Teflon tape (100% p.t.f.e.) is

rolled around the cylinder’s edge in contact with the upper
metal ring.

The electrical impedance between the two rings is mea-
sured in real time as the process runs, by the impedance
analyzer MFIA Precision LCR meter, Zurich Instruments
(0–5 Mhz). The output data are then processed by a PC.

From the electrical point of view, the above setup may be
modeled as in figure 6, where the cables, connectors, metal
rings and all the parasitics between filter and impedance
analyzer are taken into account by the cell Rp, Lp, and Cp. The
filter is modeled as the series of a resistor RF and an inductor
LF in parallel with a capacitor CF, which are dependent on
both geometrical properties (dimension, porosity, GNP
aggregation characteristics,K) and physical ones (e.g., elec-
trical conductivity σ and permittivity, ε, and magnetic per-
meability, μ).

Note that the instrument models the impedance as
= +Z R iX ,m s s and hence the following relations hold with

respect to the model given in figure 6:

( ) ( )
w w

=
+ + -

R
R

C R L1 2
, 1S

F

F F F
L

C
2 2 2 2 2 F

F

Figure 4 The proposed setup for the impedance measurement of the
graphene filter: (a) side view; (b) top view.

Figure 5. Setup for the measurement of the GNP filter impedance.

Figure 6. Equivalent circuit model for the experimental setup in
figure 5.

Figure 3. Stacked Raman spectra of the produced GNPs.
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A proper calibration procedure is then needed to com-
pletely remove the effects of all the impedances external to
the filter (Rp, Lp, and Cp). To this end, in this paper a short-
open (SO) calibration was used, with specific changes to be
adopted in order to compensate the presence of the two metal
rings. Indeed, the open circuit condition was here imposed by
replacing the filter with an insulating disk made by three
pieces of electrical tape. The short circuit was realized by
interposing a copper plate between the rings, in contact with
them. The effectiveness of the calibration is shown in table 3,
which reports the measured impedance for the short circuit
configuration before and after calibration: after the calibration
the impedance is put to zero. The impedance has been mea-
sured at 100 kHz, which is the frequency chosen for all the
experiments here, as explained later on.

The calibration is a key aspect in the proposed technique,
since it improves the reproducibility of the measurements in
presence of hand-made setups, lowering the uncertainties
related to the filter/ring contacts actually realized for each
single experiment. Indeed, it is well-known in literature that
the metal/graphene contacts may strongly affect the perfor-
mance of systems embedding conventional conductors and
GNPs [30].

3. Results and discussion

3.1. Experiment description and setup assessment

The experiment proceeds as follows. After the initialization of
the system, a controlled quantity (1 ml) of pollutant is
manually dropped into the hollow cylinder by using a syringe,
in a few seconds. The acetonitrile (Sigma Aldrich, ACS
reagent �99.5%, d=0.786 g ml−1 at 25 °C) is adsorbed by
the filter up to its saturation. Next, the pollutant spontaneously
evaporates (being extremely volatile) leaving the filters
completely clean. Note that acetonitrile in form of gas could,
in principle, be recycled if the graphene filter were surrounded
by a suitable kind of extractor hood. Figure 7 reports the time
evolution of the measured impedance, after the calibration
(hence they refer to the filter only).

The behavior of the resistance Rs and reactance Xs in
figure 7 clearly show the phases of the experiment: during the
adsorbing of the pollutant, the resistance increases, whereas
the reactance decreases, changing its sign from positive
(inductive) to negative (capacitive). The saturation is reached
at the time instant when Xs reaches its minimum value. Next,

the pollutant changes phase from liquid to gas and starts
evaporating. During this time, Xs recovers to its initial value,
whereas Rs continues to increase up to a maximum and then it
has a slight decrease. Its final value is not equal to the initial
one. An explanation of this behavior is provided later in this
section. Here we observe that the complete evaporation of the
pollutant is confirmed by the weights of the filters, measured
at the end of the experiments, which are the same as the initial
ones, see table 4. When the filters are saturated by the pol-
lutant their weights increase significantly (almost doubling),
reaching values in the range between 0.37 g and 0.40 g.

By summarizing, the experimental results on this setup
demonstrate that: (i) the GNP filter is able to adsorb the
considered pollutant, up to a saturation point when it almost
double its weight; (ii) the filter is self-cleaning, due to the
evaporation of the pollutant; (iii) during the operation cycle,
the impedance of the filter changes significantly its value.

To further investigate point (iii), it is useful to introduce a
parameter that can quantitatively estimate these variations, the
signal-to-noise ratio (SNR):

∣ ∣
∣ ∣

( )=
D
D

SNR
X

X
, 3w

wo

max

max

defined as the ratio between the amplitude dynamics of the
reactance X measured with pollutant (subscript ‘w’) or with-
out it (subscript ‘wo’). These variations have been evaluated

Table 3. Measured impedance before and after calibration.

Rs (mΩ) Xs (mΩ)

Before calibration 22.02 391.7
After calibration −0.68 −0.05

Figure 7. Time-domain evolution of the electrical parameters of the
filter during adsorption and evaporation of the pollutant (sam-
ple #2).

Table 4. Weights of the filters before and after the experiment.

Sample # 1 2 3 4 5 6

Initial (g) 0.194 0.209 0.187 0.189 0.193 0.175
Final (g) 0.195 0.211 0.187 0.188 0.193 0.175

Table 5. Signal-to-noise ratio (3) measured for each filter sample.

Sample # 1 2 3 4 5 6

SNR (dB) 103.9 95.1 89.3 95.4 96.4 99.9
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in time intervals of equal duration, which corresponds for
each sample to the time required to come to the saturation, in
presence of the pollutant. Table 5 reports the SNR measured
for each sample, demonstrating a very high sensitivity of the
proposed method, being such values no less than 89 dB.

A final step in the setup assessment is related to the
choice of the frequency. Here the frequency value has been
chosen in order to minimize the variation of the measured
impedance (in particular the reactance) with the environ-
mental conditions. In figure 8 it is reported the percentage
variation of the reactance measured for a clean filter, with
varying values of temperature respect to the 25 °C considered
as reference. Based on this result, in the following we have
chosen 100 kHz as the operating frequency since it provides
lower variations in absolute values and shows a stable zone
between 35 °C and 40 °C.

3.2. Characterization results and interpretation

To check the reproducibility and repeatability of the proposed
monitoring method, in the first experiment all the six filters
have been subject to a complete cycle as the one described in
figure 7. In particular, they have been completely saturated,
by putting a large amount of pollutant greater than that the
filter is able to retain. In figures 9 and 10 it is shown the time
evolution of the measured resistance and reactance, for three
samples (a similar behavior is observed for the others).

The results in figure 10 clearly show that for all the
samples the reactance Xs exhibits the same qualitative beha-
vior. On the other hand, from figure 9 it can be observed that
the behavior of the resistance Rs does not show the same
degree of reproducibility, although some common features
may be observed: (i) it is increasing during the adsorption,
reaching an almost flat value; (ii) it increases again from the
instant when the pollutant changes its phase and starts eva-
porating, reaching its maximum at the complete evaporation;
(iii) after then, it has a slight decreases.

From sample to sample, the variability of the initial
values of the resistance and reactance is mainly related to the
non-uniformity of the distribution of the GNPs, rather than to
the filter dimensions, whose variations are negligible
(table 1). Indeed, the randomicity in the GNP sizes and dis-
tribution in the filter gives rise, for instance, to different
current paths (see figure 11(a)) and hence to a different value

of RF and LF from sample to sample. Similar considerations
hold for the effect on the capacitance cf

The behavior of the impedance in figures 9 and 10 may
be reproduced by relating the equivalent circuit parameters in
figure 6 to the physical properties of the GNP filter. Indeed,
the resistance RF and capacitance CF may be modeled by:

( ) ( ) ( )
( )

( )e e
s

= =C t
t S

h
R t

S

t h
, , 4F

r
F

0

being e0 the vacuum space permittivity and S and h the GNP
disk area and thickness, respectively. As for the inductance

Figure 8. Sensitivity of the reactance to the environment (temper-
ature) for different operating frequencies. Variations are estimated
respect to the 25 °C reference temperature.

Figure 9. Time-domain evolution of the electrical resistance of the
filter: (a) sample #1; (b) sample #2; (c) sample #4.

Figure 10. Time-domain evolution of the electrical reactance of the
filter: (a) sample #1; (b) sample #2; (c) sample #4.

Figure 11. Cross-section of the circular filter connected to the metal
plates: (a) the non-uniform distribution of GNPs induces random
current paths; (b) a possible profile of the equivalent permittivity
after adsorbing of the pollutant, with two equivalent homogeneous
permittivity values for the two phases (clean and saturated filter).

6

Nanotechnology 31 (2020) 075701 L Ferrigno et al



L ,F its value can be estimated from the initial value of the
reactance, as pointed out later.

In (3) we have used equivalent homogeneous permit-
tivity, ( )e t ,r and conductivity, ( )s t , to easily describe the
non-uniform material given by the GNP assembly and the
pollutant. These effective parameters have been here modeled
following the relation between electrical parameters and
doping suggested by the literature (e.g., [21–23, 30]). Indeed,
as the pollutant is adsorbed, we can assume the electrical
conductivity s to decrease, the relative electrical permittivity
er to increase and the relative magnetic permeability mr to be
almost insensitive, since the dopant has no magnetic proper-
ties. Let us indicate with e1 and e2 (s1 and s2) the equivalent
homogeneous permittivity (conductivity) of the clean and
saturated filter, respectively. These values may differ not only
from sample to sample (due, for instance, to the different
porosity), but also from experiment to experiment on the
same sample, since the penetration of the pollutant inside the
filter may lead to different spatial profiles, as for instance in
figure 11(b).

Let us assume that the diffusion follows a simple time
exponential law, hence in each time interval ( )t t, ,1 2 we can
model er and s as follows:

( ) ( )( ( ( ) )) ( )/e e e e t= + - - - - et t t1 exp , 5r r r r1 2 1 1

( ) ( )( ( ( ) )) ( )/s s s s t= + - - - - st t t1 exp . 61 2 1 1

The final goal of this modeling analysis is that of providing a
physical explanation of the observed behavior of both the real
and imaginary parts of the impedance. To this end, in the
following the model parameters (4)–(5) are identified by
matching the experimental results, since they are related to the
measured impedance through (1) and (2), after applying (3).
More generally, however, the equivalent homogeneous
parameters may be found by applying some of the techniques
proposed, for instance, to homogenize nanocomposites and
mixtures, such as those based on Maxwell-Garnett [31] or
Brugemann formalisms [32]. Hybrid homogenization techni-
ques based on the joint use of measurements and modeling
are also available, like that presented in [33].

The model has been applied to the sample #2 providing
the results plotted in figure 12, in good agreement with the
measurement results (see figure 7). Two time intervals have
been considered for the conductivity and permittivity model

(4)–(5): from 0 to 2460 s and from 2460 s to 4000 s. The
identified model parameters are given in table 6. The induc-
tance was assumed to be =L 2 nH,F which corresponds to
the value that would provide the initial value of the reactance
XS when neglecting the capacitance. This approximation does
not introduce significant errors, since the waveforms in
figure 12 are slightly sensitive to L .F

The values of conductivity are in the expected order of
magnitude: for a similar arrangement (an electrical contact
made by layered GNPs) the low-frequency conductivity has
been found to be in the order of some S/m [29]. However in
the configuration studied in [33] the current flows parallel to
the GNP surface, whereas in this case the flakes are randomly
orientated in the bulk GNP disk, therefore the currents may
also flow perpendicularly. In this case, the equivalent con-
ductivity decreases since the conduction is mainly associated
to the inter-layer or inter-flake tunneling, rather than to the
electrical contact between them. Also the identified
permittivity values are compatible to those that can be found
in literature for GNP assembly, such as nanocompo-
sites [34, 35].

The model is able to reproduce the measured values
assuming that: (i) during adsorption (time interval: 0–2460 s)
the conductivity s decreases and the permittivity er increases;
(ii) during the first part of the evaporation (time interval:
2460–4000 s) er decreases again whereas s keeps on
decreasing. In addition, in the two intervals the time constants
for er are the same, whereas for s are different in the two
intervals, suggesting that a new phenomenon occur in the
second time interval.

The above results can be explained by observing that the
presence of the pollutant (first interval) has a different impact
on the s and e .r Since the current flows perpendicularly to the
GNP surfaces, the pollutant molecules lower the conductivity
mainly when they intercalate between layer and layer (inside
a single GNP) or between GNP and GNP. In this way they
reduce the effectiveness of the contacts or of the tunneling
(which are the two main inter-layer conduction mechanism).
As for e ,r the presence of the pollutant molecule has an impact
on the electric field by altering the local reaction field. The
electric field, however, is slightly sensitive to the reciprocal
position of the GNP flakes. After the filter has saturated, the
acetonitrile changes its phase from liquid to gas. This changes
locally the pressure resulting in an increased distance between
layers and layers of the same or different GNPs. As pointed
out before, this will make more difficult the current flow, but
will not have any effect on the electrical field. This ‘local
expansion’ continues during the phase change leading the
resistance to a maximum (see figures 7 and 9). After this time,
the conductivity slightly increases (and so Rs slightly
decreases), due to GNP assessment (probably related to the
action of the Van der Waals forces). This interpretation is also
confirmed by the fact that the initial value of the resistance of
the filter is increasing from run to run, when using the same
sample for multiple cycles (as in the second experiment
later on).

Figure 12. Simulated values of the resistance Rs and reactance Xs,
obtained with model (1)–(6) for the sample #2.
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3.3. Additional markers and repeatability test

We have so far observed that the time-domain reactance
exhibits the same features in all the samples, although from
samples to samples, the initial, final and the saturation values
are different, as well as the time at which the saturation is
reached. By checking its variations, it is then possible to
monitor the status of the filter in real time.

Note that, although the absolute value of the resistance is
apparently of poor utility, an interesting property arise when
considering its variation DRs, defined at any generic time
instant tn as follows:

( ) ( ) ( ) ( )= - -DR t R t R t , 7S n S n S n 1

Figure 13 compares the time evolution of Xs and DRs for
sample #1. In detail, the DRs curve shows two ‘pulses’,
highlighted in the boxes, which are temporally located in two
main instants of the experiment. The first one occurs when Xs

changes its behavior, being mostly capacitive. The second
one is when Xs changes again its derivative going again
towards an inductive behavior. These two instants can be
considered as two milestones of the experiments. In detail, the
first point is the time the filter senses the presence of
the pollutant and becomes retaining it. The second point is the
starting time of the phase change and of the evaporation of the
pollutant, namely the phase in which the quantity of pollutant
decreases and the filter goes toward its nominal weight. As a
conclusion, the variation DRs can be considered as a ‘marker’
of the filter state: its peak values occur at the time instants
when the Xs parameter variation has to be analyzed. In
addition, the time interval between these two peaks provides
the duration of adsorbing process. Finally, as it happens for
Xs, also DRs exhibits the same values at the beginning and at
the end of the experiments.

It would be useful to have a further marker to indicate the
time when the filter is completely clean after evaporation.
This can be obtained by checking the variability of the DRs

curve, by evaluating the standard deviation, sDRs. In figure 14
this quantity has been evaluated on a slide window of 50
samples. It is clearly observed that at the end of the eva-
poration process (after a time of 104 s) the overall variability
deeply reduces with respect to the filter activation zone
(between 200 s and 104).

Summarizing, the variations of Rs provides the markers
to the main time instants of the filter cycle: the peaks of DRs

indicate the start and the end of the adsorption, whereas the
reduction of the standard deviation, sDRs indicates that the
filter is completely clean.

This result has been confirmed by studying all the other
filters: for instance, figures 15 and 16 show the behavior of Xs

and DRs for the samples #2 and #3, respectively. In

addition, figure 17 describes the variability of DRs for the
sample #3. Once again, there is a difference between the
minimum variability in the activation zone of the filter (e.g.
presence of pollutant) and the typical variability in the no-
activation zone (e.g. absence of pollutant) even if in this case
the difference is smaller.

Finally, a second experiment has been carried out to
assess the repeatability of the considered setup. Specifically,
three consecutive tests have been executed on the same
sample, namely sample #1. Results for the Xs and DRs

Table 6. Values of the circuital model parameters for simulating the impedance of the sample #2 in figure 12.

er1 er2 s1 (S m−1) s2 (S m−1) te (s) ts (s)

(0–2460) s 10 1200 0.160 0.141 500 100
(2460–4000)s 1200 10 0.141 0.135 500 200

Figure 13. Time-domain evolution of Xs and DRs during adsorption
and evaporation of the pollutant (sample #1).

Figure 14. Time-domain evolution of the standard deviation of DRs,
calculated on a slide window of 50 samples during adsorption and
evaporation of the pollutant (sample #1).

Figure 15. Time-domain evolution of Xs and DRs during adsorption
and evaporation of the pollutant (sample #2).
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parameters are reported in figure 18, while the variability of
DRs is reported in figure 19. Looking at all the results it is
possible to confirm all the statements reported above. In
detail, in all the considered tests there is a strictly relation
between the Xs and DRs behaviors that make DRs a reliable
marker of the pollutant sensing and evaporation phases and,
once again, the analysis of the variability of DRs shows
information about the quiet state of the filter.

4. Conclusions

This paper has successfully assessed a method for monitoring
in real time the status of a pollution filter realized by pressed
graphene nanoplatelets (GNP), while adsorbing acetonitrile.
The monitoring technique is based on the measurement of the
electrical impedance of the filter, at the chosen frequency of
100 kHz (that optimizes the stability with respect to the
environmental temperature).

The fabricated GNP filter has been shown: (i) to be able
to adsorb the considered pollutant, up to a saturation point
when it almost double its weight; (ii) to be self-regenerating
due to the evaporation of the pollutant

The monitoring method has been shown to be reliable,
given the high level of reproducibility and repeatability of its
results, with a signal-to-noise ratio of about 90 dB. The
imaginary part of the impedance (reactance) has been shown
to follow a qualitative behavior that clearly indicates the time
domain evolution of the filter life (clean, polluted, saturated
and regenerated). In addition, the start and end times of each
of those phases can be clearly determined by the markers that
can be derived from the real part of the impedance
(resistance).

The observed behavior of the impedance has been given
a physical explanation by using a model which assumes an
exponentially decreasing electrical conductivity and increas-
ing permittivity as the pollutant is adsorbed by the filter.

The demonstration of the proposed method encourages
further steps in view of assessing a potential industrial
application of this idea, which can be of interest for instance
for enabling predictive maintenance. With reference to the
setup proposed here, an optimization step would be neces-
sary, with reference to parameters that may strongly influence
the performance, such as the GNP size or the GNP/electrode
contact. In addition, other types of GNP or other graphene-
related materials may be investigated and compared to the
GNP adopted here, to check for instance the influence of the
material specific features like the shape.
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Figure 19. Time-domain evolution of the standard deviation of DRs

calculated on a slide window of 50 samples during adsorption and
evaporation of the pollutant. Three different runs on sample #1 have
been executed: (a) run #1; (b) run #2; (c) run #3.
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