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Featured Application

A deeper understanding of solvent diffusion and transient concentration gradients in con-
ductive polymer nanocomposites provides new opportunities for improving the selectivity
of chemo-resistive VOC sensors. By exploiting the different sorption and diffusion kinetics
of volatile organic compounds, governed by both molecular size and intermolecular inter-
actions, the proposed approach offers new discriminating features for the development of
next-generation electronic noses.

Abstract

Conductive polymer nanocomposites (CPC) are widely investigated as chemo-resistive
materials for the detection of volatile organic compounds (VOC). However, the physical
mechanisms governing their transient electrical response remain only partially understood,
limiting the development of predictive models and highly selective sensors. In this work,
the chemo-resistive behaviour of carbon nanoparticle-filled poly(ethylene-co-ethyl acrylate)
(EEA-CNP) was investigated through a multiphysics experimental approach combining
simultaneous measurements of solvent uptake, dimensional changes, temperature and
electrical resistance during toluene sorption and desorption. Thick specimens were deliber-
ately employed to amplify transient diffusion phenomena and enable direct observation of
the coupling between mass transport, polymer swelling and conductive network evolution.
The results demonstrate that electrical resistance cannot be interpreted solely from the aver-
age solvent concentration within the material. Instead, the transient response is primarily
governed by solvent concentration gradients, which continuously modify the connectivity
of the conductive nanoparticle network during diffusion. This mechanism explains the
pronounced hysteresis observed between sorption and desorption, the transient resistance

T — overshoot during sorption, and the absence of a unique relationship between resistance and

solvent content under dynamic conditions. A dedicated quasi-static desorption protocol
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was therefore developed to minimise concentration gradients and establish the intrinsic
correlation between electrical resistivity and solvent fraction. The experiments further
show that a solvent content of approximately 6 wt% is sufficient to completely disrupt the
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VOC sensors and electronic noses with improved selectivity and predictive capability.
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1. Introduction

Electrically conductive polymer nanocomposites (CPC) are increasingly employed
as smart, stimuli-responsive materials owing to their unique combination of electrical
functionality, mechanical compliance and ease of processing. They are produced by dis-
persing conductive nanoparticles (CNP) within one or more electrically insulating polymer
matrices, thereby combining the advantages of polymeric materials with the electrical
properties of conductive nanofillers [1]. Their high sensitivity to environmental stimuli,
including mechanical deformation, temperature and chemical exposure, makes CPC par-
ticularly attractive for sensing applications. Consequently, CPC have been widely inves-
tigated for pressure and strain sensing [2-8], structural health monitoring of composite
materials [9-16], temperature sensing [7,17-20], volatile organic compounds” detection
(VOC) [21-27], and resistive Joule heating [28-33].

One emerging application of CPC is the detection of volatile organic compounds
emitted by the human body, collectively referred to as the volatolome, for the early diagnosis
of a wide range of diseases [19,34—41]. In these chemo-resistive sensors, maintaining a stable
and reproducible conductive network under dynamic operating conditions is essential to
ensure reliable sensor performance.

Although these applications rely on different physicochemical mechanisms and in-
volve CPC with diverse formulations, their electrical response originates from the dis-
ruption of the percolated conductive network. The associated transduction mechanism is
governed by quantum tunnelling between neighbouring conductive nanoparticles at the
nanoscale [42-46].

Most previous studies on chemo-resistive CPC have focused on evaluating sensor
sensitivity and selectivity by analysing the influence of polymer chemistry, filler morphol-
ogy and processing conditions on relative electrical resistance changes. In contrast, only a
limited number of investigations, notably those of Carrillo et al. [47,48], have attempted
to elucidate the underlying sensing mechanisms through the simultaneous monitoring of
several coupled physical parameters, including electrical resistance and volume changes.

A major challenge in the development of CPC-based electronic noses (e-noses) is to
improve sensor selectivity while reducing the number of transducers required for reliable
VOC identification [49-52]. Another important objective is the development of predictive
multiphysics models capable of describing and forecasting the chemo-resistive response of
CPC sensors, a topic that will be addressed in a forthcoming publication. However, the
small dimensions of practical quantum chemo-resistive vapour sensor (vQRS) transducers
make it difficult to acquire the comprehensive experimental data required for model
validation. Although thin sensing layers are ideally suited for practical devices, their short
diffusion paths considerably limit the observation of transient transport phenomena.

To overcome this limitation, a dedicated experimental methodology based on thicker
laboratory specimens was developed. Increasing the diffusion length deliberately slows
solvent transport, making it possible to simultaneously monitor the coupled phenomena
governing the chemo-resistive response, namely solvent diffusion, polymer swelling, mass
uptake, dimensional changes and electrical resistance. Figure 1 illustrates the conceptual
analogy between the transient response previously observed in practical ultrathin CPC
transducers (cast films, extruded films and textile sensors) [53], and that of the thick labo-
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ratory specimens investigated in the present work. Although the characteristic diffusion
times differ by several orders of magnitude, both configurations are governed by the same

transport mechanisms.
VvQRS thin nanocomposite CPC thick sample
EEA-CNP S S e
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Time (h)
Figure 1. Motivation of the study: understanding the origin of the chemo-resistive response of
EEA-CNP-based CPC by studying the sorption/desorption behaviour of either ultrathin transducers
(left) or much thicker samples (right).

Previous work demonstrated that solvent transport in these materials follows Fick’s
second law of diffusion [54,55], allowing the diffusion coefficient to be estimated using
Equation (1).

0.04909 (2L)>
tos

D= 1)

with g 5 the half sorption time, and 2L the specimen thickness.

The influence of specimen thickness on diffusion kinetics is readily illustrated by the
two inset graphs in Figure 1. Sorption equilibrium is reached after approximately 100 s
for a1 um thick film, whereas a 2.2 mm thick specimen requires more than 40 h to reach
equilibrium. This considerable increase in characteristic diffusion time provides sufficient
temporal resolution to investigate the coupling between solvent transport, swelling and
electrical response.

In the present study, a single polymer/solvent system was selected to investigate the
fundamental mechanisms governing chemo-resistive sensing. Simultaneous measurements
of mass, volume and electrical resistance were performed while monitoring heat and
mass transfer within an ethylene-co-ethyl acrylate matrix filled with carbon nanoparticles
at concentrations well above the electrical percolation threshold. The objective was to
establish the relationships between solvent transport, polymer swelling and electrical
response, thereby improving the understanding of the mechanisms controlling the chemo-
resistive behaviour of CPC based transducers exposed to toluene vapour. The results
provide new insights into the physical mechanisms governing VOC sensing and establish
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the experimental basis for future predictive multiphysics modelling of CPC-based electronic
nose transducers [52,56-59].

2. Materials and Methods

The experimental methodology was specifically developed to monitor, in real time,
the coupled evolution of mass uptake, dimensional changes, temperature and electrical
resistance during solvent sorption and desorption in thick poly (ethylene-co-ethyl acry-
late) /carbon nanoparticle (EEA-CNP) specimens (Figure 2).

-

Toluene ARR, Toluene
CHs CH,

Q

Resistor

Figure 2. Schematic representation of the experimental setup used for the simultaneous monitoring
of mass uptake (Am/my), volume change (AV/Vj) and relative electrical resistance (AR/Rg) during
solvent sorption and desorption under varying vapour concentrations.

2.1. Materials

The poly(ethylene-co-methyl acrylate) (EEA) masterbatch used in this study, filled with
37% w/w (23% v/v) carbon nanoparticles (CNP), was the commercial grade LE 7704 sup-
plied by Borealis (Zwijndrecht, Belgium). This formulation was selected because it is well
above the electrical percolation threshold while remaining processable by compression
moulding. EEA is a statistical copolymer produced via radical polymerization of ethylene
and ethyl acrylate in a 0.86/0.14 ratio, as illustrated in Figure 3. Due to its low crystallinity
(approximately 15% of that of low-density polyethylene, LDPE) EEA exhibits pronounced
elastomeric properties [60,61]. Increasing the acrylate content reduces both the melting
enthalpy and melting temperature, while the carbon nanoparticles act as nucleating agents,
elevating the non-isothermal crystallisation temperature [62]. Additionally, CNP strongly
influence the viscoelastic properties of the copolymer, exponentially increasing viscosity,
energy dissipation, and Young’s modulus [63-65]. These modifications can have substantial
implications for material processing.
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Figure 3. Chemical formula of poly(ethylene-co-alkyl acrylate) EEA, with molar composition of
n=0.86and m=0.14.

The carbon nanoparticles (CNP) used in this study were Vulcan XC72, supplied by
Cabot (Lillebone, France). These carbon nanoparticles, commonly referred to as “carbon
black” in the rubber industry, are produced through the incomplete combustion of heavy
petroleum products in a controlled-atmosphere furnace. Their key characteristics include:
a specific surface area of 174 m?.g~! (measured by N, adsorption), a pore volume of
110 cm? per 100 g (determined by dibutyl phthalate absorption, DBP), an iodine number of
253 mg.g~!, and an average particle diameter ranging from 30 to 50 nm [48].

The structure of the CNP is illustrated in Figure 4, which shows (a) a highly structured
primary aggregate of several hundred nanometres in size and (b) the average size of the
elementary particles composing these aggregates. Due to these properties, Vulcan XC72 is
well suited for developing conductive polymer nanocomposites for electrical applications,
such as self-limiting heating and vapour sensing [55].

Figure 4. Vulcan XC 72 CNP nanostructure observed by TEM, (a) primary aggregate of about 300 nm
in length, (b) single particle of approximately 30 nm reproduced from Ref. [66].

Toluene obtained from Acros Organics (Ilkirch, France) was selected to study the
chemo-resistive behaviour of EEA-CNP because of its good affinity for EEA, which pro-
vides sufficient solvent uptake to ensure accurate sorption measurements. According to a
previous work [55], the theoretical Flory-Huggins intermolecular interaction parameter,
between EEA and toluene, calculated from Equation (2) is x1, = 0.016.

0
Kip = o5 (81 — 62)° 2)

where V the molar volume of the solvent (cm®.mol 1), T: the temperature (K), R = 8.314 J.mol *,
d1: the solvent solubility (J'/2.cm™3/2), and &,: the polymer solubility (J'/2.cm~3/2).

The experimental methodology requires the fabrication of large, homogeneous flat
plates to ensure essentially one-dimensional heat and mass transfer through the specimen
thickness (Figure 2). The specimen dimensions must also provide sufficient mass for
accurate gravimetric measurements while allowing reliable determination of dimensional
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changes during sorption and desorption. Table 1 summarises some characteristics of EEA
and toluene.

Table 1. Relevant physicochemical properties of toluene and EEA-CNP.

Molar Mass . Molar Volume Cp Psat (Pa) AH,
Name Formula (g.mol-1) Density (dm3.mol-1) (J.kg-1.K-1) at25°C (J.kg1) Tm (K)
Toluene CyH;s 92.14 0.8669 1.059 x 107! 1860 3792 363,000 182
72 kg.mol !,
EEA-37 CNP (CHan(CsHsO2)m 545 kg.mol?, 1.130 / 1200 / / 372

+ CNP

2367 kg.mol ™!

2.2. Nanocomposites Samples’ Processing

Approximately 40 g of EEA-37CNP pellets were first homogenised in a Plasticorder
internal mixer Model W EHT 50 (Brabender, Pousan, France) at a mixing temperature (Tpix)
of 130 °C for 8 min. The rotational speed of the blades was gradually increased from 10 to
80 rpm.

The molten material was subsequently poured into an aluminium mould with dimen-
sions of 105 x 105 x 20 mm?3, placed between two 5 mm steel plates coated with PTFE to
prevent adhesion. The material was then hot-pressed at 130 °C under a pressure of 2 MPa
for 5 min. To ensure uniform thickness, the press was opened, and the mould was allowed
to cool to room temperature (20 °C). If the sample dimensions were satisfactory, the plates
were annealed for 1 min and 30 s at 150 °C under 2 MPa, followed by controlled cooling:
first to 120 °C at a rate of 1 °C.min~!, and then to 80 °C at the same rate. The press was
subsequently opened, and the sample was cooled in ambient air.

The cooling protocol was designed to rapidly quench the material below its non-
isothermal crystallisation temperature before promoting controlled crystallisation dur-
ing slow cooling. The resulting EEA-CNP plates exhibited a final square shape of
103.5 £ 1.5 mm and a thickness of 2.2 + 0.2 mm. This geometry was fixed as it repre-
sents a good compromise between diffusion time, measurement accuracy, and experimental
feasibility.

2.3. Experimental Setup

The experimental setup was designed to monitor simultaneously monitor the evolu-
tion of several representative physical quantities of the multiphysics behaviour of CPC
tapes during the sorption and desorption phases: solvent content, temperature, volume,
aand electrical resistance. Nevertheless, as the measurements of mass loss/uptake and
electrical resistance on the same sample proved to be rather difficult because of electrical
connection constraints, it was decided to solve this difficulty by using two nominally
identical specimens (Figure 2).

One of the two specimens was equipped with electrical conductors to monitor changes
in electrical resistance, while the second specimen was used to track mass uptake/loss and
dimensional changes resulting from solvent diffusion.

To ensure identical experimental conditions, both specimens were positioned vertically
in a Plexiglas™ chamber and simultaneously exposed to the natural convection of toluene
vapour, with the concentration varying from zero to saturation. The specimens used for
testing had a thickness of 2 mm and side lengths of 5 cm. These test specimens were cut
from larger plates previously fabricated with dimensions of 105 x 105 x 2 mm?3. Special
care was taken to select pairs of specimens with highly similar characteristics.

The selected specimens were further machined using a milling process to achieve
nearly identical dimensions and then thermally treated to relieve any residual stress accu-
mulated during processing. This protocol ensured that the resulting specimens exhibited
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very similar initial electrical resistances. Additionally, to ensure consistent electrical contact
throughout the experiments, a bundle of seven parallel tin-plated copper wires (0.12 mm in
diameter each) was embedded directly into the sample immediately after the compression
processing step (Figure 5 left). This was achieved by locally melting the polymer around
the wires using a soldering iron set to 180 °C (Figure 5 middle).

Figure 5. Photographs of the two instrumented EEA-CNP specimens used for simultaneous multi-
physics measurements. “Left” connected sample for chemo-resistive measurement, “middle” detail
of electrodes integration in specimen thickness, “right” twin sample for weight measurement.

Specimen n°2 (Figure 5 right) weighing was performed using an Explorer Pro 613C
from Ohaus (Parsippany, USA) scale with a milligram precision.

The electrodes located on both edges of the samples allowed for the measurement of
the electrical resistance of specimen n°1 using a Keithley data acquisition system within
the range of 0-120 M(Q), (Figure 2). The measurement accuracy of this device ranges
from 1073 Q to 10° Q for resistances between 100 O and 100 MQ), respectively. Because
the specimen resistance increased up to approximately 10'' Q under saturated vapour
conditions, a 100 MQ) shunt resistor (+1%) was incorporated into the measurement circuit
to extend the accessible resistance range. Nevertheless, a global measurement uncertainty
of approximately 0.1% was achieved for resistance values below 100 MQ).

Ambient temperature (Text) near the specimens was monitored using a K-type ther-
mocouple with a diameter of 0.25 mm. Additional thermocouples were inserted either at
the specimen surface or within its core whenever local temperature measurements were
required. Data display and recording were managed using a custom programme developed
in Visual Basic© 16.9. The acquisition interval was typically set to 30 s for short-duration
measurements and 1 min for long-duration monitoring.

Volume changes were determined by digital image analysis using a programmable
5-megapixel camera. Photos were taken with a x2.5 lens, allowing proper magnification
of the edge of samples with a depth of field of about 1 mm. Figure 6 gives an idea of the
level of expansion of the materials upon sorption, by overlaying the photos taken with
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EEA-37CNP tapes before and after toluene saturated vapour diffusion. Figure 6a is a side
view and Figure 6b is a lateral view of samples combined with graph paper pieces placed
aside and behind the samples, respectively. Volume changes were then derived from the
two quantifiable dimensions, i.e., thickness and surface area, assuming that the former
is uniform over the entire sample. The accuracies of the picture dimensions and focus
distance were approximately 10 um.pix~! and 35 + 5 um.pix !, respectively. The camera
was positioned outside the cell to prevent any damage by the solvent.

e
E—t

40.07mm

4441
-

= i B W

T
=

-1 -+
5| W

wal

S5mm #

(a) (b)

Figure 6. Superimposed images of an EEA-CNP specimen before and after exposure to saturated
toluene vapour illustrating swelling in (a) side view, white arrows show the direction of curvature
and (b) front view, the black arrow gives the specimen scale.

Table 2 gives a summary of the main geometric and resistive characteristics of the
plates used. Three pairs of tapes were used in this study (A1&2, B1&2, C1&2), to check the
experimental reproducibility. The resistance values are given before and after saturation of
the sample with toluene (resp. for a solvent fraction of X = 0 and Xmax).

Table 2. EEA-37CNP tapes characteristics, before and after saturation with toluene.

. Av. Initial Resistance Resistance (Q)) for
AT a0y mw ey Thickness o) G O =’ X mac) 8t
Al 5.7975 49.78 50.1 2.07 5162 1122 65 10°-10%0
A2 5.7834 49.84 49.88 2.07 5146 1123 / /
B.1 6.1049 49.74 50.03 2.18 5424 1125 74 10°-10%0
B2 6.0796 49.87 49.8 2.19 5438 1117 / /
C1 5.620 49.9 50.14 1.93 4829 1163 58-59 10°-10'0
Cc2 5.588 49.75 49.89 1.92 4766 1172 / /

3. Results and Discussion
3.1. Toluene Vapour Desorption in Air

To investigate solvent desorption under ambient conditions, the specimens were first
equilibrated for 96 h in a chamber saturated with toluene vapour before being exposed
to open air. The subsequent evolution of solvent mass loss and electrical resistance is
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presented in Figures 7 and 8 for the two independent pairs of EEA-37CNP specimens (A
and B).

0.2 30

0.18

0.16 25
<014 209
[e]
2012 —XA2 —XB.2 8
= 041 15 2
c —TB2 —TA2 o
20.08 g
$0.06 08

0.04 . -

0.02

— N /\—’-‘%-\__
0 0
0 40 80 120 160
Time (h)

Figure 7. Evolution of specimen mass and ambient temperature during desorption of EEA-37CNP
specimens A2 and B2.

1010
10°

108
107
106
10°

104
103 —————

—RA1 —RBA1

Resistance (Ohm)

102
0 40 80 120 160
Time (h)

Figure 8. Evolution of the electrical resistance of EEA-37CNP specimens A1 and B1 during desorption.

The desorption kinetics obtained for both specimen pairs are remarkably similar
(Figure 7) demonstrating the excellent reproducibility of the experimental protocol. The
solvent fraction decreased from an initial value of approximately 0.17 to less than 0.005 after
about 120 h, with nearly identical desorption curves for both samples. Small fluctuations
observed for specimen A2 during the first 20 h are attributed to ambient temperature
variations (approximately £2.5 °C around 25 °C), which slightly affected the balance
response through the day/night temperature cycle. These fluctuations remained negligible
compared with the overall desorption trend.

The corresponding electrical response is shown in Figure 8. During desorption, the
electrical resistance decreased by more than six orders of magnitude while approximately
1 g of absorbed toluene was released. After approximately 120 h, the resistance reached a
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stable value close to 10° Q), which remained significantly higher than the initial resistance
measured before sorption (Table 2), i.e., 65 and 74 Q). This irreversible increase is attributed
to a partial reorganisation of the conductive carbon nanoparticle network caused by the
large volumetric expansion experienced during solvent absorption. Such behaviour con-
trasts with that observed after thermal annealing, where structural relaxation generally
improves inter-particle connectivity, resulting in a decrease in electrical resistance.

Dimensional changes determined by digital image analysis are presented in Figure 9.
The nearly identical relative variations in specimen thickness and length Figure 9a, confirm
that swelling and shrinkage can reasonably be considered isotropic throughout the experi-
ment. This assumption was therefore used to calculate the relative volume variation shown
in Figure 9b. The close agreement obtained for the two independent specimens further
confirms the excellent repeatability of the measurements.

8
7" + Thickness B.2
6 - Thickness A.2
5 . = Reference length B.2
£5 % o Reference length A.2
£, &
84 o
o Iy
o
3
7 L%
2 * %
T
1 ol
> g * - .
ol " . 8 &
0
0 10 20 30 40 50
Time (h)
(a)
0.25
02 ™ m Sample A.2
. + Sample B.2
015
2 m
g e
01 o
L]
L 2
a
0.05 - i
¢ [
0 ¢ * | | . ,
0 4 8 12 16 20 24 28 32 36 40 44 48
Time (h)

(b)

Figure 9. Evolution of (a) specimen thickness and length and (b) relative volume during desorption
of EEA-37CNP specimens A2 and B2.

Figure 10 shows the relationship between the relative volume change and the solvent
fraction during desorption. Over most of the investigated concentration range, the volume
decreases almost linearly with solvent content, indicating that isotropic contraction provides
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an excellent approximation of the deswelling process. Only at very low solvent fractions
(X < 0.01) do experimental uncertainties become comparable to the dimensional variations,
leading to slight deviations from linear behaviour.

0.25 ¢ Sample A.2
= Sample B.2
— Shrinkage coefficient (rho_sol/rho_matrix)+0.01
0.20
o 015
S
o
0.10
0.05
0.00
0.00 0.03 0.06 0.09 0.12 0.15 0.18
Solvent ratio (X)

Figure 10. Relative volume variation as a function of solvent fraction during desorption.

Taken together, these results reveal a strong correlation between solvent uptake,
dimensional changes, and electrical response during desorption. However, the analysis
also indicates that the average solvent content alone cannot fully explain the electrical
behaviour of the nanocomposite. Because the solvent concentration remains spatially non-
uniform throughout the specimen during transient diffusion, concentration gradients are
expected to play a major role in the progressive reconnection of the conductive carbon
nanoparticle network. This hypothesis is examined in the following sections through
dedicated sorption/desorption experiments.

3.2. Sorption/Desorption Hysteresis

To investigate the coupling between solvent diffusion and the electrical response of
the nanocomposite, the specimens were subjected to successive sorption/desorption cycles.
During each sorption stage, toluene was continuously injected into the sealed chamber
until the atmosphere approached saturation. Once the electrical resistance reached a stable
value, the chamber was opened to initiate desorption under ambient conditions.

The simultaneous evolution of solvent uptake and electrical resistance during a repre-
sentative cycle is presented in Figure 11a. The two measured quantities exhibit markedly
different transient behaviours. Solvent uptake increases progressively throughout the ex-
periment without reaching equilibrium within the investigated time, whereas the electrical
resistance responds much more rapidly. During sorption, the resistance first increases
sharply, reaches a pronounced maximum and subsequently decreases towards a lower
plateau despite the continuous increase in solvent content. During desorption, the resis-
tance decreases progressively until its initial value is recovered.

These differences become more evident when electrical resistance is plotted as a
function of the solvent fraction (Figure 11b). A pronounced hysteresis is observed between
the sorption and desorption paths, demonstrating that the electrical response cannot be
described solely by the average solvent concentration within the specimen.

This behaviour originates from the transient solvent concentration gradients estab-
lished during diffusion. During sorption, solvent molecules first penetrate the outer regions
of the specimen before progressively reaching the core. The conductive carbon nanoparticle

https://doi.org/10.3390 /chemosensors14090193


https://doi.org/10.3390/chemosensors14090193

Chemosensors 2026, 14, 193 12 of 23

network is therefore disconnected locally near the surfaces, while the central region remains
comparatively unaffected. As diffusion proceeds, the disruption progressively extends
through the specimen thickness until the electrical resistance reaches its maximum. Fur-
ther solvent redistribution within the polymer then promotes partial structural relaxation
of the conductive network, leading to the slight decrease in resistance observed before
equilibrium is reached.

8 — Mass 107
15 — Resistance Cycle3 19
108 =
7 £
& 107 8
e o
® 65 106 2
s s
5 0
6 10 .g
104 K
5.5 | <03
5 102
0 20 40 60 80 100
Time (h)
()
1010
10°
108
£
e
o 10°
o
2
§ 10*
103 — Resistance sorption
102 — Resistance desorption
10!

0 005 01 015 02 025 03 035 04
Solvent ratio (X)

(b)

Figure 11. Representative sorption/desorption cycle for specimen C: (a) simultaneous evolution of
solvent uptake and electrical resistance with time; (b) electrical resistance as a function of solvent
fraction, highlighting the hysteresis between sorption and desorption.

The opposite mechanism governs desorption. Solvent is first removed from the speci-
men surface, where evaporation is the most intense, allowing the conductive network to
reconnect locally while the core remains highly swollen. The conductive pathways are
therefore progressively restored from the surface towards the centre of the specimen as
solvent continues to diffuse outward. Consequently, for an identical average solvent frac-
tion, the internal solvent distribution differs significantly between sorption and desorption,
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leading to distinct electrical resistance values. An important result is that the electrical
resistance measured at the end of the cycle is nearly identical to its initial value before
sorption. This observation indicates that, despite the large temporary disruption of the
conductive network, the overall conductive architecture remains essentially reversible
under the experimental conditions investigated.

These experiments also highlight a fundamental difference between gravimetric and
electrical measurements. Mass measurements provide only the average solvent content
within the specimen and are therefore insensitive to spatial concentration gradients. In
contrast, electrical resistance directly reflects the connectivity of the conductive nanoparticle
network, making it highly sensitive to the local solvent distribution. This distinction ex-
plains the hysteresis observed in Figure 11b and demonstrates that transient concentration
gradients constitute a key parameter governing the chemo-resistive response of conductive
polymer nanocomposites.

3.2.1. Analysis of Sorption Mechanism

The sorption behaviour of specimen pair C was investigated over three successive
sorption/desorption cycles to evaluate the reproducibility of the chemo-resistive response.
The simultaneous evolution of the solvent fraction and electrical resistance during the
sorption stages is presented in Figure 12.

0.4 1010
0.35 10°
108
0.3 —-
3 107 E
00.25 — X Cycle 1 106 (<
® — X Cycle 2 o
.2 o
€ 0 — X Cycle 3 L =
20.15 — Resistance Cycle 1 104 R
o ]
n 01 — Resistance Cycle 2 103 &
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Figure 12. Evolution of solvent fraction and electrical resistance during the sorption stages of three
successive cycles performed at different ambient temperatures.

Despite slight variations in the experimental conditions, all three cycles exhibit the
same characteristic behaviour. During sorption, the electrical resistance increases rapidly,
reaches a pronounced maximum, and subsequently decreases towards a stable plateau
while solvent uptake continues to increase. The excellent repeatability of this characteristic
response demonstrates that the resistance overshoot is an intrinsic feature of the sorption
process rather than an experimental artefact.

The origin of this transient maximum is not fully addressed in the present study.
Nevertheless, it is likely associated with structural relaxation of the swollen polymer matrix
occurring at high solvent contents (typically above 5 wt%), as previously reported in the lit-
erature [67]. Further investigations will be required to quantify the respective contributions
of solvent diffusion, polymer relaxation and conductive network reorganisation.

Some differences in sorption kinetics are observed between the three cycles (Figure 12),
These variations can be partly attributed to the ambient temperatures at which the exper-
iments were performed (22.5, 25.0 and 28.0 °C for Cycles 1, 2 and 3, respectively), since
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temperature directly affects both solvent diffusivity and vapour pressure. In addition, com-
plete recovery of the initial state between successive cycles cannot be guaranteed because
trace amounts of solvent may remain trapped within the polymer after desorption.

The influence of these initial conditions is more clearly illustrated in Figure 13, where
electrical resistance is plotted as a function of the solvent fraction. Although the initial
specimen masses differ by less than 0.2%, the initial electrical resistance measured before
Cycle 2 is significantly higher than that of Cycle 1, and the resistance reaches its plateau
value (approximately 10'° Q)) at a lower solvent fraction.

1010
10°
108

107
106 — Resistance Cycle 1

105 — Resistance Cycle 2

104
103
102

Resistance (Ohm)

— Resistance Cycle 3

0 0.05 0.1 0.15 0.2 0.25 0.3 0.35
Solvent ratio (X)

Figure 13. Electrical resistance as a function of solvent fraction during the sorption stages of the three
successive cycles.

This apparent discrepancy demonstrates the remarkable sensitivity of the conductive
nanoparticle network to very small amounts of residual solvent. Even trace solvent con-
centrations remaining after desorption modify the initial solvent distribution within the
specimen, thereby reducing the concentration gradients established during the subsequent
sorption stage. Therefore, disruption of the conductive network propagates more rapidly
through the specimen thickness, resulting in a faster increase in electrical resistance.

Following a more complete desorption, the behaviour observed during Cycle 3 ap-
proaches that of Cycle 1, although the electrical response remains slightly faster. This
result indicates that achieving perfectly identical initial conditions over successive sorption
cycles is experimentally challenging. Nevertheless, the overall response remains highly
reproducible, confirming that the observed variations originate from the transient solvent
distribution within the material rather than from experimental uncertainty.

These results further support the interpretation proposed in the previous section: the
transient electrical response is primarily governed by the evolution of solvent concentra-
tion gradients rather than by the average solvent content alone. Consequently, electrical
resistance provides information on the local state of the conductive network that cannot be
inferred from gravimetric measurements alone.

3.2.2. Analysis of Desorption Mechanism

The desorption behaviour observed during the three successive cycles is compared
in Figure 14. In contrast to the sorption stages, the mass loss kinetics exhibit only limited
variations despite the different initial conditions encountered during the preceding sorption
phases. This result suggests that solvent release is less sensitive to variations in the effective
diffusion coefficient than solvent uptake. The desorption behaviour remains consistent
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with that previously observed during direct desorption in ambient air (Figures 7 and 8)
confirming the reproducibility of the experimental protocol.

— X Cycle 1
035 — X Cycle 2 108
0.3 — X Cycle 3 —_
3 y 107 £
E 0.25 Resistance Cycle 2 ] 5
® 9.2 — Resistance Cycle 3 10 ®
€ c
g 105 s
% 0.15 L
? 104 ¢
0.1 (2
3
0.05 10
. _ - )
0 10
0 10 20 30 40 50 60
Time (h)

Figure 14. Evolution of solvent fraction and electrical resistance during the desorption stages of
specimen C.

The electrical resistance recorded during Cycles 2 and 3 follows nearly identical
trajectories throughout desorption. The absence of resistance data for Cycle 1 results
from an acquisition system failure and does not affect the interpretation of the subsequent
experiments.

The relationship between electrical resistance and solvent fraction is presented in
Figure 15. The excellent agreement between the two available desorption cycles confirms
that the electrical response during solvent release is highly reproducible. More importantly,
the desorption path differs markedly from the corresponding sorption path presented in
Figure 11b, demonstrating once again that electrical resistance is not uniquely determined
by the average solvent content.

10°
108
107
106
105
104
103

102
0 0.1 0.2 0.3 0.4
Solvent ratio (X)

Resistance Cycle 2

Resistance (Ohm)

— Resistance Cycle 3

Figure 15. Electrical resistance as a function of solvent fraction during the desorption stages.

This apparent hysteresis originates from the evolution of solvent concentration gra-
dients within the specimen. At the beginning of desorption (0.25 < X < 0.35), solvent
evaporates rapidly from the specimen surface, while the core remains highly swollen. The
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resulting reconnection of the conductive carbon nanoparticle network therefore begins at
the specimen surface, whereas the central region remains electrically insulating.

As desorption proceeds (0.075 < X < 0.25), solvent progressively diffuses from the
specimen core towards the surface. This gradual redistribution continuously restores con-
ductive pathways throughout the specimen thickness, leading to the progressive decrease
in electrical resistance observed experimentally.

During the final desorption stage (X < 0.075), solvent concentration gradients become
weak, and the conductive network is almost completely re-established. Consequently, the
electrical resistance returns close to its initial value before sorption.

These observations reinforce the interpretation developed throughout this work: the
transient electrical response is controlled primarily by the spatial distribution of the solvent
rather than by its average concentration. While gravimetric measurements reflect the mean
solvent uptake, electrical resistance directly probes the local connectivity of the conductive
nanoparticle network and is therefore highly sensitive to transient concentration gradients
established during diffusion.

The present observations are consistent with previous studies reported in the literature.
Lewis et al. [68] reported comparable chemo-resistive behaviour during the swelling of
carbon black-filled poly(ethylene-co-vinyl acetate) exposed to benzene. Subsequently,
Feller et al. [27,69] described the transient response of conductive polymer nanocomposites
containing either carbon nanotubes or carbon nanoparticles using the Langmuir-Henry-
Clustering (LHC) model. This model, derived from the classical dual-mode sorption theory,
represents the overall sorption process as the combination of three successive mechanisms:
Langmuir adsorption at low solvent activity, Henry diffusion through the polymer matrix,
and solvent clustering at high solvent contents. These three contributions are described
by Equation (3) and provide a useful framework for interpreting the different diffusion
regimes observed in conductive polymer nanocomposites.

— bL'(fH _f)f __gI\ (m
Ay = W‘”‘H-J("" (f f).f 3)

where by, is the Langmuir affinity constant, f is the vapour fraction over which Langmuir’s
diffusion is replaced by Henry’s diffusion, f is the solvent fraction, ky is Henry’s solubility
coefficient, n’ the number of vapour molecules associated in clusters.

Although these experiments clearly demonstrate the dominant role of transient con-
centration gradients, they also reveal that conventional sorption/desorption tests cannot
establish a unique relationship between electrical resistivity and solvent content. A dedi-
cated quasi-static desorption protocol was therefore developed to minimise concentration
gradients and determine the intrinsic relationship between these two quantities.

3.3. Corelation Between Electrical Resistivity and Solvent Fraction

The transient sorption and desorption experiments presented in the previous sections
clearly demonstrate that electrical resistance cannot be uniquely related to the average
solvent content within the specimen. As illustrated in Figure 11b identical solvent fractions
may correspond to markedly different resistance values depending on the preceding
diffusion history. This behaviour results from transient solvent concentration gradients
that continuously modify the connectivity of the conductive nanoparticle network.

To determine the intrinsic relationship between solvent content and electrical resistivity,
it was therefore necessary to minimise these concentration gradients. A dedicated quasi-
static desorption protocol was consequently developed to establish successive equilibrium
states between the solvent content in the polymer and the surrounding atmosphere.
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3.3.1. Development of a Quasi-Static Desorption Protocol

The experimental procedure was specifically designed to maintain the specimen close
to thermodynamic equilibrium throughout desorption. Unlike the previous experiments,
only a limited quantity of toluene was introduced into the chamber, corresponding to a
maximum solvent fraction below 20 wt%. This limitation prevented complete saturation
of the conductive network while significantly reducing the duration of the experiments.
After solvent injection, the chamber remained sealed throughout the test. The unavoidable
leakage of the enclosure generated an extremely slow decrease in the solvent vapour
concentration, progressively driving desorption over several hundred hours. Under these
conditions, solvent transport was no longer primarily controlled by diffusion within the
polymer but by the slow decrease in the surrounding vapour pressure. The specimen
therefore passed through a succession of quasi-static equilibrium states in which solvent
concentration gradients inside the material could reasonably be considered negligible.
Several experiments were performed using desorption durations ranging from 150 to
600 h. Additional temperature measurements confirmed the absence of measurable thermal
gradients within the specimen, while simultaneous image analysis verified the linear
relationship previously established between specimen volume and solvent uptake.

A representative experiment lasting approximately 450 h is presented in Figure 16.
The electrical resistance remained close to its maximum value for more than 150 h despite
the loss of over two-thirds of the absorbed solvent. During this period, the solvent frac-
tion remained below 20 wt%, well below the equilibrium concentration obtained under
saturated vapour conditions.
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Figure 16. Representative quasi-static desorption experiment showing (a) solvent mass and ambient
temperature and (b) electrical resistance and solvent fraction as a function of time.
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This observation illustrates the extreme sensitivity of the conductive network once
electrical percolation has been completely disrupted. Above a solvent content of approx-
imately 6 wt%, the measured resistance approaches that of the insulating EEA matrix,
reaching values between approximately 2 x 10! and 5 x 10'° Q. Beyond this threshold,
additional solvent uptake has only a limited influence on the measured electrical resistance
because the conductive pathways have already been fully disconnected.

A gradual increase in resistance is nevertheless observed during the plateau region
(between approximately 10 and 170 h). This behaviour is attributed primarily to ambient
temperature fluctuations and possibly to the negative vapour coefficient (NVC) effect
previously identified during sorption. Small oscillations superimposed on the resistance
signal are most likely associated with measurement artefacts introduced by the shunt
resistor used in the electrical circuit (Figure 2) together with the temperature sensitivity of
the measurement system.

3.3.2. Correlation Between Resistivity and Solvent Fraction

The quasi-static desorption protocol provides the experimental conditions required to
determine the intrinsic relationship between electrical resistivity and solvent content. Be-
cause solvent concentration gradients are assumed to be negligible, the measured electrical
resistance can be directly related to the average solvent fraction within the specimen. Elec-
trical resistivity (o.) was calculated from the measured resistance according to Equation (4).

RS
Pe = I (4)

where S is the specimen cross-sectional area and L is the distance between the electrical
electrodes.

Although slight dimensional changes occur during desorption, both S and L were
considered constant because their variations remain negligible compared with the several-
orders-of-magnitude change observed in electrical resistance. The resulting relationship
between resistivity and the solvent fraction is presented in Figure 17. The correlation con-
firms that electrical resistivity remains almost constant while the conductive nanoparticle
network is fully disconnected, producing a broad resistive plateau at high solvent contents.
As discussed previously, the fluctuations observed within this plateau probably arise from
several superimposed effects, including the limited sensitivity of the electrical measure-
ment system at very high resistances, ambient temperature variations and possible thermal
effects acting on the disconnected conductive network.

An additional source of uncertainty cannot be completely excluded. Although the
quasi-static protocol substantially reduces solvent concentration gradients, it cannot be
demonstrated experimentally that they vanish entirely throughout the specimen thickness.
Consequently, the correlation presented in Figure 17 should be regarded as the best ex-
perimental approximation of the intrinsic relationship between electrical resistivity and
solvent content under near-equilibrium conditions. Nevertheless, this protocol overcomes
the principal limitation of conventional sorption/desorption experiments by largely sup-
pressing the influence of transient diffusion gradients. It therefore provides the first direct
experimental relationship between solvent content and electrical resistivity in the investi-
gated EEA-37CNP nanocomposite and establishes the experimental basis required for the
development and validation of future multiphysics chemo-resistive models.
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Figure 17. Resistivity as function of solvent ratio.

4. Conclusions

This work investigated the chemo-resistive behaviour of carbon nanoparticle-filled
poly(ethylene-co-ethyl acrylate) (EEA-CNP) through a comprehensive multiphysics experi-
mental approach combining simultaneous measurements of solvent uptake, dimensional
changes, temperature and electrical resistance during toluene sorption and desorption.

The experimental methodology developed in this study made it possible to analyse the
coupling between mass transport, polymer swelling and the evolution of the conductive
nanoparticle network. The results demonstrate that the swelling of the EEA matrix follows
an approximately ideal behaviour over most of the investigated solvent concentration
range, establishing a direct relationship between solvent uptake and volume expansion.

More importantly, the electrical response was shown to differ fundamentally from the
gravimetric response. Whereas mass measurements provide access only to the average
solvent content within the material, electrical resistance is governed by the local connectivity
of the conductive nanoparticle network and is therefore highly sensitive to transient solvent
concentration gradients. This behaviour explains the pronounced hysteresis observed
between sorption and desorption, as well as the inability to establish a unique relationship
between electrical resistance and the solvent content under transient diffusion conditions.

To overcome this limitation, a dedicated quasi-static desorption protocol was de-
veloped to minimise concentration gradients within the specimens. Under these near-
equilibrium conditions, an intrinsic relationship between electrical resistivity and the
solvent fraction could be established. The experiments further showed that a solvent
content of approximately 6 wt% is sufficient to completely disrupt the conductive perco-
lation network, beyond which the electrical resistance approaches that of the insulating
polymer matrix.

The results also reveal a transient resistance overshoot during sorption together with
a negative vapour coefficient (NVC) effect at high solvent contents. These observations
strongly suggest that, in addition to solvent diffusion, polymer relaxation and conductive
network reorganisation contribute to the overall chemo-resistive response. Although these
mechanisms require further investigation, they provide valuable insight into the complex
multiphysics behaviour of conductive polymer nanocomposites.
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Overall, this work establishes an experimental framework for analysing the coupling
between diffusion, swelling and electrical conduction in conductive polymer nanocompos-
ites. The relationships identified here provide the experimental basis for the development
and validation of predictive multiphysics models capable of describing the transient be-
haviour of thin chemo-resistive transducers operating under practical sensing conditions.
Such models are expected to support the design and optimisation of next-generation VOC
sensors and electronic noses with improved sensitivity, selectivity and predictive capability.
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