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Abstract
Electrospun nanofibers based on polyacrylonitrile (PAN) and polyvinylidene fluo-
ride (PVDF) have attracted considerable attention owing to their mechanical robust-
ness, thermal stability, and excellent chemical resistance, which make them suitable 
for use in sensor technologies. In this study, PAN/PVDF nanofibers were produced 
via electrospinning and characterized by SEM, FT-IR, TGA, and tensile analyses. 
The SEM images revealed uniform, bead-free, and highly porous nanofibers with 
an average diameter of 215 ± 29 nm and a porosity of 62.26%. FT-IR spectra con-
firmed the coexistence and intermolecular interaction of PAN and PVDF phases, 
while TGA results indicated enhanced thermal stability due to PVDF incorporation. 
The prepared nanofiber membrane exhibited a Young’s modulus of 16.32 MPa and a 
maximum strain of 42.45%, suggesting high flexibility and strength. The fabricated 
PAN/PVDF nanofiber film was then integrated into a quartz crystal microbalance 
(QCM) platform to investigate its vapor sensing behavior against dichlorometh-
ane, chloroform, carbon tetrachloride, and trichloroethylene vapors. The ranges of 
some sensor parameter values, such as sensitivity (0.205–0.249  Hz  ppm−1), LOD 
(160.57–132.53 ppm), and LOQ (487.80–401.60 ppm), are presented for the PAN/
PVDF nanofiber-based QCM sensor exposed to these organic vapors. Adsorption 
dynamics were analyzed using pseudo-first-order and Elovich kinetic models, ena-
bling the evaluation of adsorption parameters and rate constants. The findings dem-
onstrate that PAN/PVDF nanofiber-based QCM sensors offer a promising platform 
for detecting volatile organic compounds (VOCs), owing to their high surface area, 
fast response, and stable kinetic performance.
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Introduction

A wide range of fields have found extensive applications for nanofibers, includ-
ing high-performance filtration, wound dressing, tissue engineering, vascular 
grafts, battery separators, energy storage systems, enzyme immobilization, elec-
trochemical sensing, sensor technology, composite reinforcement, and artificial 
blood vessel engineering. Electrospun nanofibers using natural and synthetic pol-
ymers can be easily produced using the electrospinning technique. Polyacryloni-
trile (PAN), polyvinylidene fluoride (PVDF), and mixed PAN/PVDF materials 
prepared as nanofibers are promising candidates for developing chemically and 
physically stable, sensitive, practical, flexible, and easy-to-use electronic devices. 
Some examples are given as: the co-electrospun PAN/thermoplastic polyurethane 
(TPU) nanofiber positive triboelectric layer and PVDF/polydimethylsiloxane 
(PDMS) nanofiber negative triboelectric layer can be used as self-powered sen-
sors for human movement monitoring and transmitting encrypted information, 
following Morse code principles  [1]. Electrospun graphene oxide-doped PAN, 
PVDF nanofiber surfaces are used for the development of a flexible piezoelectric 
vibration sensing element that can be used for detecting dynamic loads on aircraft 
frames or in developing wearable technologies for pilots [2]. Using the ZnO/PAN 
and ZnO/PVDF nanofabrics, a mechanically robust pressure sensor and weara-
ble power source, confirmed the potential applications in human activity moni-
toring and personal thermal management, were studied by Sun [3]. Hydrophobic 
piezoelectric PVDF-zinc oxide (ZnO) nanofibers are a candidate for this innova-
tive electronic skin, with directional water transport and sensing functions that 
could ensure long-term wear comfort for practical applications in emerging wear-
able technologies and all healthcare ranges [4]. Electrospun PAN-derived carbon 
nanofibers (CNFs) were combined with PVDF nanofibers for piezoelectric nano-
generator applications. It is indicated that harnessing energy from biomechanical 
movements and ultrasonic wave pressure, thereby exhibiting their applicability in 
healthcare monitoring devices and sensors [5]. Furthermore, the use of nanofiber 
materials deposited onto piezoelectric quartz crystal substrates via electrospin-
ning for gas sensor applications has been extensively investigated. This interest 
stems from their remarkable chemical, mechanical, and physical stability, coupled 
with a high surface area-to-volume ratio, porosity, and rapid adsorption–desorp-
tion characteristics [6]. Recent studies have examined different polyacrylonitrile 
(PAN)-based quartz crystal microbalance (QCM) nanofiber systems, including 
pure PAN nanofibers for detecting organic vapors [7], PAN/polypyrrole (PPy) 
composites [8], PAN/polyvinylidene fluoride (PVDF) hybrid sensors [9], PAN 
nanofiber blended with citric acid (CA) [10], PAN/chitosan overlaid structures 
[11], PAN/nickel nanofibers [12], and rhodamine-functionalized PAN nanofibers 
[13, 14].

The theory of the QCM system is a highly sensitive method for any mass 
changes deposited onto a quartz crystal substrate. This mass change can be 
detected on a nanogram scale by measuring a change in the resonance frequency. 
The frequency change can be monitored as a function of time, which is useful to 
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monitor molecular interactions or reactions occurring at the electrode surface. As 
a result of these advantages, the QCM system is preferred for physical, chemi-
cal, and biological interactions in gas, VOCs, and biosensor applications. In the 
QCM technique, the mass change is mainly due to the adsorption and desorption 
process of vapor molecules on the thin film surface, driven by weak intermolecu-
lar forces between the thin film and the vapor molecules [6, 7, 15]. The QCM 
method is widely used for the adsorption and desorption process of sensor studies 
because of its high mass change sensitivity on a nanogram scale. In addition, it is 
portable, easy to operate, low-cost, and allows for the collection of the real-time 
frequency measurement, which is called the QCM kinetic graph. This graph can 
be used for sensor parameter and adsorption behavior analysis data collection. 
Several theoretical models have been developed to analyse adsorption dynam-
ics, including the Pseudo, Elovich, Langmuir, Freundlich, and Langmuir–Freun-
dlich models. These models allow key parameters to be determined, including the 
adsorption coefficient, adsorption rate, and correlation coefficients [16–18].

The physicochemical interactions between the vapor molecules (analyte) and the 
thin film (adsorbent) occur, and the pore volume and size distribution of the surface, 
polarity, molecular weight, saturated vapor pressure of the gas molecules, and exter-
nal conditions can all play an important role in the adsorption process [19]. Pseudo 
first-order and Elovich models, known as kinetic models, are commonly used in 
environmental sciences to describe adsorption behavior. The Pseudo first-order 
model assumes that the adsorption rate is proportional to the number of available 
sites, typically describing physisorption limits [20]. The Elovich model describes 
adsorption on energetically heterogeneous surfaces and is applied to adsorbents on 
non-uniform solid surfaces, which is useful to reveal data irregularity. Most kinetic 
models often ignore this irregularity [21]. Adsorption kinetics provide information 
about the speed of the adsorption process and are one of the main factors that must 
be understood before the applicability of any adsorbent. The validity of the kinetic 
models is tested by the correlation coefficient (R2), which is used as an indicator of 
the conformity between the model prediction and experimental adsorption data [22].

Studies on VOCs sensor applications of electrospun PAN/PVDF nanofibers are 
very limited in the literature. The first study of an electrospun PAN/PVDF nanofiber 
sensor against five different VOCs (chloroform, dichloromethane, trichloroethylene, 
carbon tetrachloride, and benzene) was reported by our group [9]. It was proven 
that the PAN/PVDF nanofiber sensor could be a good candidate for a VOC sensor 
at room temperature. Therefore, this study is focused on an investigation of struc-
tural analysis, sensor performance, and adsorption dynamics for the PAN/PVDF 
nanofiber sensor against chlorinated hydrocarbons. The mechanical robustness, ther-
mal stability, and chemical resistance properties are characterized using Scanning 
Electron Microscopy (SEM), Fourier Transform Infrared Spectroscopy (FT-IR), 
Thermogravimetric Analysis (TGA), and tensile analyses. The QCM method is used 
to monitor the sensor behavior and to collect the experimental data when the PAN/
PVDF nanofiber is exposed to vapor molecules.

This work aims to provide a detailed analysis of the obtained results and 
analyze the adsorption dynamics through the use of Elovich and Pseudo-first-
order models. The response and recovery times, humidity influence, reversible 
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response, long-term stability, selectivity, sensitivity, limit of detection (LOD), 
and the limit of quantification (LOQ) parameters of the PAN/PVDF nanofiber 
sensor are determined using SPR kinetic measurement. In addition, the adsorp-
tion behavior is studied using Pseudo-first-order and Elovich models to calculate 
the equilibrium density (qe), the first-order rate constant, and the correlation coef-
ficient values.

Material and methods

Sample preparation and characterization

To produce the PAN/PVDF electrospun nanofibers, PAN (MW = 150.000, CAS 
No.: 25014-41-9), PVDF (MW ~ 180.000, Mn ~ 71.000, in pellet form, CAS No.: 
24937-79-9), and N,N-dimethylformamide (DMF, anhydrous, 99.8%, CAS No.: 
68-12-2) were sourced from Sigma-Aldrich. In our previous studies, PAN:PVDF 
ratios of 95:5, 90:10, 85:15, 80:20, and 75:25 were tested for nanofiber produc-
tion. SEM images showed that the average diameter of electrospun PAN/PVDF 
nanofibers containing 20  wt% PVDF was lower than that of other nanofibers. 
Nanofiber morphology, microstructure, and diameter directly affect the sensing 
performance of gas sensors, with lower diameters providing advantages in sensor 
performance [9, 23]; therefore, 20 wt% PVDF was used in this study.

A dimethylformamide (DMF) solution with a total polymer content of 8 wt%, 
consisting of 20% polyvinylidene fluoride (PVDF) and 80% polyacrylonitrile 
(PAN), was homogeneously obtained by stirring at 60 °C for a total of 4 h. The 
resulting solution was filled into a 5 ml syringe, and fiber production was carried 
out by electrospinning at a voltage of 15 kV with a flow rate of 1.5 µL/h for 4 h. 
The resulting PAN/PVDF fibers were collected on a collector coated with Al foil 
and a QCM placed on it. The electrospinning coating of PAN/PVDF nanofibers 
on the QCM is shown in Fig. 1.

Scanning electron microscopy (SEM, Zeiss–Model LEO 1430 VP) was used to 
characterize the surface structure of PAN/PVDF nanofibers. Before imaging, the 
samples were coated with a thin layer of gold and examined using the secondary 
electron mode. Analysis was performed at 20 kV.

Diameter measurements were taken from the SEM image to determine the 
diameter distribution of the PAN/PVDF nanofibrous sample. The diameters of 52 
fibers were measured, and then the average fiber diameter was calculated.

The porosity value of the first layer of the nanofiber film was calculated using 
SEM imaging in MATLAB. The porosity ratios of PAN/PVDF nanofibers were 
calculated from the pixel value for each location in the binary black-and-white 
image after segmentation. The porosity value was calculated by dividing the num-
ber of white pixels in the SEM image by the total number of pixels [24]. Three 
SEM images taken from different areas of the PAN/PVDF nanofibrous sample at 
25,000X magnification were used to calculate the porosity value.
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Structural characterization was performed using Fourier Transform Infrared 
Spectroscopy (FT-IR, Spectrum Two UATR-FTIR, Perkin Elmer Corp., Norwalk, 
CT, USA) in the scanning range of 4000–450  cm−1. Thermogravimetric analysis 
(TGA, Shimadzu TGA-51) was used to evaluate the thermal properties of the fibers. 
TGA analysis was performed by heating at a rate of 10 °C/min in a N2 atmosphere 
between 25 and 800 °C.

A tensile test was performed to determine the mechanical properties of PAN/
PVDF nanofibers. To prepare the test sample, pieces measuring 60 mm × 8 mm were 
cut from the nanofiber membrane. A 5 kg load cell was used for the tensile tests. The 
device used was a TA.XT Plus (Stable Micro Systems Ltd., Surrey, England) texture 
analyzer, and the test was performed at a rate of 1 mm/min.

QCM measurement system

The QCM measurement technique is based on assessing the resonance frequency of 
a piezoelectric quartz crystal, achieved by applying an appropriate voltage through 
gold electrodes. The electrospun PAN/PVDF nanofiber-based QCM sensor is depos-
ited onto an AT-cut quartz crystal with a frequency of 8 MHz, commercialized by 
the company GTE SYLVANIA. It is sandwiched between metal electrodes on both 
sides. Figure 2 shows a schematic representation of a homemade QCM system that 
is fully computer-controlled.

The PAN/PVDF nanofiber-based QCM sensor is connected to an oscillator 
circuit, allowing the quartz crystal to oscillate at its resonance frequency via an 
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Fig. 1   Schematic representation of PAN/PVDF nanofiber coating on QCM by electrospinning method
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alternating voltage applied by a DC power supply on the electrodes. Additionally, 
an electronic control unit  is used to detect any frequency changes of the PAN/
PVDF nanofiber-based QCM sensor by the QCM oscillator. All data  was  col-
lected with a PC with specialized software. If vapor molecules interact with QCM 
sensors, the frequency should be changed proportionally with vapor mass deposi-
tion. The relation between frequency change (f ) and deposited mass (m) was dis-
covered by Sauerbrey [25] given as:

where  f0 is the initial frequency of uncoated quartz crystal (7,983,236  Hz),  A  is 
the piezo-electrically active area (0.196  cm2),  q  is the density of quartz 
(2.648 g cm−3), q is the shear modulus of quartz (2.947 × 1011 g cm−1 s−2).

The Sauerbrey equation is valid under the assumption that the added mass 
forms a thin, rigid, and homogeneous film, and that the associated frequency 
shift (Δf) is small compared to the crystal’s fundamental resonance frequency 
(f). This requirement is generally expressed as ∆f/f < 0.05 [26], ensuring that 
the perturbation caused by the mass loading does not alter the cut-off oscillation 
mode or result in significant viscoelastic effects. Considering this information, 
the observed frequency shifts in our measurements are only a few hundred hertz. 
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Fig. 2   A representation of a homemade QCM system
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For an 8 MHz AT-cut quartz crystal, such shifts correspond to a relative change 
of the order of 10−5–10−4, which is several orders of magnitude below the 0.05 
threshold. Consequently, the system operates well in the linear regime, and all the 
conditions necessary for correctly applying the Sauerbrey relation are satisfied.

To study the vapor interaction with the PAN/PVDF nanofiber-based QCM sen-
sor, an isolated gas cell with inlet and outlet holes is used. Each organic vapor 
was taken using a Hamilton syringe and injected into the gas cell, allowing for 
2 min to interact with the PAN/PVDF nanofiber-based QCM sensor, followed by 
another 2 min in which dry air was injected. The final data is recorded in the form 
of frequency change over time, known as the real-time QCM kinetic response, 
which is valuable for determining the sensor parameters and characteristics of 
the  PAN/PVDF nanofiber-based QCM sensor.  The increasing saturated vapor 
concentration ratios of 20%, 40%, 60%, 80%, and 100%  were distinguished to 
study the concentration effect between  the  PAN/PVDF nanofiber-based QCM 
sensor and selected vapor. In three kinetic cycles, 100% of the saturated concen-
tration value was applied onto  the PAN/PVDF nanofiber-based QCM sensor for 
the stability and reproducibility test. All data were recorded at room temperature 
(20 °C) with a resolution of 1 Hz.

Adsorption theory and fitting models

Studies on gas sensors have focused on the synthesis of new materials and the 
preparation of highly sensitive sensor elements. Nanofibers have found a wide 
range of applications across several industries and fields, such as sensors for envi-
ronmental remediation, biomedical and healthcare, tissue engineering, and drug 
delivery systems. [27, 28]. They are suitable for the field of air and water filtra-
tion, adsorption of pollutants, and removal of contaminants. Recently, nanofib-
ers have been utilized as sensitive sensor elements for gas or vapor sensor appli-
cations due to their high adsorption capacity, fast response and recovery times, 
ease of fabrication,  low cost, and stability [29, 30]. Investigating the adsorption 
dynamics between gas or organic vapor molecules interacting with the nanofiber 
sensor material is crucial for elucidating the sensor interaction mechanism. Elu-
cidating these interaction mechanisms contributes to the design of new synthe-
sized substances. Adsorption dynamics play a significant role in the interactions 
between nanofiber sensors and the adsorbate. To study adsorption dynamics, sev-
eral fitting models such as the Elovich, Pseudo-first-order, Pseudo-second-order, 
Ritchie, Scatchard, Langmuir, Freundlich, and Langmuir–Freundlich models have 
been developed for analyzing experimental data taken by QCM, SPR, electrical, 
and optical measurement systems during the interaction between the sensor ele-
ment and gas/vapor molecules [15, 18, 31].

To analyze the adsorption dynamics, the adsorption capacity, or the adsorp-
tion amount per unit area, qt, of a QCM nanofiber sensor should be calculated 
using the real-time experimental data collected during the interaction of the sen-
sor material with vapor molecules. qt is described in Eq. 2 [14].
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where qi and qe are the initial frequency and the equilibrium frequency, respectively. 
A is the nanofiber sensor surface area, V is the injected vapor volume, respectively.

The Lagergren’s Pseudo first-order kinetic equation is given by [13]:

where k1 is the Pseudo first-order adsorption rate constant. qe is the amount of vapor 
molecules at equilibrium and qt is the amount of vapor molecules adsorbed at time t, 
respectively.

Equation 3 is rearranged as:

Using boundary conditions, it is integrated and can be arranged as:

Finally, Eq. 5 can be given in a linear form:

A frequency change happens if vapor molecules interact with a sensitive sen-
sor element. This change depends on the amount of adsorbed vapor molecules 
(qt). A plot of log (qe – qt) as a function of t gives a linear relationship. The 
Pseudo first-order model allows us to analyze the adsorption process using the 
slope 

(

k1

2.303

)

 and the intercept 
(

logqe
)

. Using Eq. 6 and QCM experimental data 
for the (PAN/PVDF) nanofiber-based QCM sensor, k1, qe can be determined. The 
correlation coefficient (R2) for the graph of log (qe–qt) versus t is an important 
indicator for the conformity of fitting parameters.

The Elovich model is another adsorption process analyzing model using QCM 
experimental data. The adsorption rate (dqt/dt) in the Elovich model is given as:

where a is the initial adsorption rate, b is the Elovich desorption constant and qt is 
the quantity of adsorbed gas at time t, respectively. If qt is chosen 0, Eq. 7 is equal to 
a. If the boundary conditions are chosen from qt = 0 at t = 0 to qt = qt at t = t, Eq. 7 
can be easily integrated as:
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If it is assumed that t ≫ t0, a plot of qt versus lnt gives a linear relationship. It can be 
used to determine the a, b constants, and the correlation coefficient (R2) values. Using 
Eq.  8 and QCM experimental data, these parameters of the PAN/PVDF nanofiber-
based QCM sensor are calculated in this study.

Gas sensing measurements for sensor parameters

The gas sensing properties of the PAN/PVDF nanofiber-based QCM sensor were inves-
tigated using the QCM technique. Chlorinated vapors: chloroform, dichloromethane, 
carbon tetrachloride, and trichloroethylene, with their five different concentration val-
ues, were injected into the gas cell with a time interval of 120 s. Within each reciprocal 
120 s, increasing amounts of saturated vapor were injected into the gas cell. 120 s of 
dry air injection was introduced into the gas cell for recovery between each vapor injec-
tion. The sensor response measurements were taken 3 times.

The frequency change (Df) as a function of concentration (c) was modelled via a 
linear dependence and the sensitivity (S) values, which are defined as:

was obtained by the slope of this linear dependence.
The limit of detection (LOD) and the limit of quantification (LOQ) values were 

calculated accordingly using Eqs. 10 and 11, where σ is the standard deviation of the 
QCM instrument (σ = 1 Hz).

In order to investigate the PAN/PVDF nanofiber-based QCM sensor performance, 
such as humidity effect, long-term stability, reversibility, and selectivity, DCM vapor 
was chosen because of the highest sensitivity value of DCM vapor. To test the long-
term stability of the sensor, the kinetic vapor sensing measurements using DCM vapor 
were recorded during the initial thin film fabrication (A) and the thin film after 2 years 
(B). Another experiment was carried out on the interactions reversible over many 
cycles. All experimental results and calculated data are given in "Sensor performance 
parameters" section.

Results and discussion

Morphological and structural properties of the PAN/PVDF nanofibers

Before determining sensor properties, it is crucial to observe whether the PAN/
PVDF nanofibers form a complete film structure. Therefore, the morphologies of the 
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PAN/PVDF nanofibers were examined using SEM, and the SEM image is presented 
in Fig.  3a. SEM images reveal that the nanofibers are capable of forming a com-
plete film structure, and the fiber structure is quite regular and homogeneous. When 
examined individually, the fibers are also observed to be bead-free and smooth.

2D porosity obtained through MATLAB-based SEM image analysis is a com-
mon and accepted approach, but this value generally represents the areal porosity 
of selected images, not the 3D porosity of the entire membrane [32, 33]. Therefore, 
to reduce the margin of error, three SEM images taken from different areas of the 
PAN/PVDF nanofibrous sample were analyzed and averaged using MATLAB. The 
porosity value of the first layer of the nanofiber film is 76.51 ± 16%. The images of 
the first layer, whose porosity was examined, are shown in Fig. 3b, c. The suitability 
of this porosity value in the first layer for gas sensor applications was evaluated in 
the sensor portion of the study.

The average diameter of PAN/PVDF nanofibers was determined as 
231.37 ± 40.73 nm. The diameter distribution graph showed fiber formation in the 
diameter range of 160–360 nm. The diameter distribution graph is depicted in Fig. 4.

The FT-IR graph of PAN/PVDF nanofibers, whose structural properties were 
investigated by FT-IR spectroscopy, is plotted in Fig. 5. In the FT-IR spectrum, the 
characteristic bands of PAN were observed at 1454 and 2240 cm−1, and these peaks 
correspond to the C=C and –C≡N stretching vibrations, respectively [34]. In the 
sample containing PVDF, the peaks at 1405 and 1198  cm−1 represented the sym-
metric stretching vibrations of –CF2 groups, and these bands confirmed the presence 
of these bands in the electrospun fibers as characteristic signs of PVDF. In addition, 
the C–F stretching vibration of the amorphous phase was determined by the FT-IR 
signals at 885 cm−1.

In the FT-IR spectrum of PVDF, strong absorptions observed in the 763–795 cm−1 
band indicate the presence of the α-phase. The peak around 840–842  cm−1 origi-
nates from the β-phase. A broad peak in the 825–835 cm−1 range indicates a γ-phase 
contribution. Furthermore, the broad absorption observed in the 1230–1280  cm−1 
range suggests that the β (1275 cm−1) and γ (1234 cm−1) peaks overlap [35]. In the 
FT-IR spectrum of the PAN/PVDF sample, the phase peaks of PVDF are still detect-
able. The α-phase peak is present around 763  cm−1, and the β-phase peak around 
840–842 cm−1 has decreased in intensity but not disappeared. Mixing with PAN did 
not destroy the crystalline phases of PVDF, but rather reduced their intensity. The 

Fig. 3   a Original SEM image of PAN/PVDF nanofibers, b binary (fiber and pore), c porosity of PAN/
PVDF nanofiber obtained from Matlab program
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C≡N peak of PAN is clearly visible in the PAN/PVDF composite nanofibers at a 
wavenumber of 2240 cm−1. FT-IR results indicate that PAN and PVDF do not react 
chemically, but are merely a physical mixture.

Thermal and mechanical properties of the PAN/PVDF nanofibers

The thermal properties of PAN/PVDF nanofibers were investigated using a TGA 
device. When the TGA graph was examined, it was seen that thermal decomposi-
tion occurred at two different points after the water vapor in the PAN/PVDF sam-
ple evaporated up to 100 °C. The first decomposition occurred around 370 °C, as 
seen in Fig. 6. The decomposition temperature of PAN is known to be in the range 
of 210–410 °C [23]. Therefore, it is observed that the decomposition that occurred 
at this temperature was due to PAN. The second decomposition occurred around 
670 °C. This decomposition was due to PVDF [36]. The addition of PVDF to PAN 
improved the thermal properties of the nanofibers. In the TGA graph, almost no res-
idue was observed after the combustion decomposition of the PAN/PVDF polymers.

PVDF is a semi-crystalline polymer characterized by high tensile strength and 
impact resistance. These properties are closely related to the strong C–F bonds in 
its chain structure and the crystalline phase ratio. Furthermore, as the β-phase abun-
dance of PVDF increases, its flexibility and piezoelectric performance, as well as 
its mechanical strength, improve significantly [37]. Using PAN and PVDF together, 
a nanomaterial with excellent mechanical properties was obtained. To examine the 

Fig. 4   Diameter distribution of PAN/PVDF nanofibers
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Fig. 5   FT-IR spectra of PAN, PVDF, and PAN/PVDF nanofibers

Fig. 6   TGA–DTA graph of PAN/PVDF nanofibers
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mechanical properties, a tensile test was performed on the nanofiber membrane. The 
membrane used in the test was approximately 400 µm thick. The force-percentage 
elongation graph summarizing the material’s mechanical properties is presented in 
Fig. 7. The Young’s modulus of the nanofibers is 16.32 MPa, the maximum strain 
value is 42.45%, and maximum stress was found to be 2.11 MPa. When the tensile 
test graph in Fig. 7 is examined, it is observed that the graph appears noisy due to 
the nanofibers breaking individually after a certain extension under force. The fact 
that not all fibers break suddenly supports the flexible structure. Unlike our study, 
Elkhaldi and colleagues [38] obtained PAN/PVDF nanofibers by impregnating PAN 
nanofibers with PVDF particles in solution. Supporting PAN nanofibers with PVDF 
particles improved Young’s modulus and tensile strength [39–41]. Therefore, the lit-
erature also supports the notion that PVDF improves the mechanical properties of 
PAN nanofibers.

Gas sensing measurements and sensor parameters

The kinetic graph of chloroform vapor is presented in Fig. 8. The kinetic graphs of 
dichloromethane, trichloroethylene, and carbon tetrachloride vapors are given in the 
Supplementary Materials (Figs. S1–S3). The presented sensor response data in this 
section are based on previously published experiments [9].

Each concentration was prepared via a syringe of volume 5 mL. 20% of saturated 
vapor volume (1 mL) was mixed with dry air in the syringe and injected into the 

Fig. 7   Force–Elongation graph of PAN/PVDF nanofibers
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gas cell for the first cycle of the kinetic measurement. The increasing vapor content 
was used for the reciprocal cycles to obtain from 20 to 100% saturated vapor using 
the same injector. 120 s were allowed for each interaction between the PAN/PVDF 
nanofiber-based QCM sensor and chlorinated vapors. Between each interaction, dry 
air was injected into the gas cell by a clean 5 mL injector for recovery. The kinetic 
graphs of the PAN/PVDF nanofiber-based QCM sensor are exposed to increased 
concentrations of chloroform vapor up to the saturated vapor value. The inset in each 
figure presents the frequency shift due to the injected vapor amount, which is given 
in terms of vapor concentration in ppm. All sensitivity values calculated using Eq. 9 
and the inset graph in Fig. 8 were listed in Table 1 for each chlorinated vapor tested. 
The regression coefficients were close to unity and acceptable. The LOD and LOQ 
values of the PAN/PVDF nanofiber sensor are calculated using Eqs. 10 and 11 given 
in Table 1. The highest sensitivity value was obtained for dichloromethane vapor, 
and hence the lowest LOD and LOQ values among all chlorinated vapors tested.

In the sensor applications, VOCs’ properties given in Table  2 are playing an 
important role.

Fig. 8   PAN/PVDF nanofiber sensor response to chloroform vapor at different concentrations. Inset: cali-
bration graph to increasing concentrations
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Of the vapors examined, the PAN/PVDF nanofiber sensor demonstrated the high-
est sensitivity towards dichloromethane vapor. It has the lowest molar mass, which 
can be explained by the fact that it can easily penetrate the PAN/PVDF nanofiber 
sensor structure [42]. The dichloromethane vapor pressure is much higher than that 
of other vapors, which could yield a surface interaction between the vapor molecules 
and the nanofiber sensor, contributing to a higher frequency shift [43]. Because of 
its relatively high dipole moment, dichloromethane vapor exhibits stronger electro-
static interactions with the polar surfaces of the PAN/PVDF nanofiber sensor, which 
in turn enhances electron transfer processes [44]. All these interactions are attrib-
uted to the adsorption processes [45, 46].

While studies focusing on PAN/PVDF nanofiber sensors fabricated by electro-
spinning for the detection of chlorinated hydrocarbon vapors are limited, there have 
been several investigations into QCM-based vapor sensors reported in the literature. 
A comparative overview of these studies is provided in Table 3.

Concentration dependence parameters of adsorption dynamics

The Elovich and Pseudo first-order model parameters are both calculated via Eqs. 2, 
6, 8, and Figs. 9, 10 and 11. Table 4 gives the calculated fitting parameters of two 
adsorption models. According to the Pseudo first-order model, k1 and qe values were 
observed to increase as the chloroform vapor concentration increased. In the Elovich 
model, the a value increased as the chloroform concentration increased, while the 
b value decreased. In terms of R2 values, the Elovich model showed a higher fit 
than the Pseudo first-order model. This indicated that chloroform vapor interacted 
with the sensor material, and the Elovich adsorption model is more suitable than the 
Pseudo first-order model.

Table 1   Sensor parameters of PAN/PVDF nanofiber sensor

VOC Response 
time
(s)

Recovery time
(s)

Sensitivity
(Hz ppm−1)

LOD
(ppm)

LOQ
(ppm)

Regression 
coefficient
(R2)

Dichloromethane 3 6 0.0249 132.53 401.60 0.9899
Chloroform 4 8 0.0245 134.69 408.16 0.9570
Carbon tetrachloride 5 11 0.0234 141.02 427.35 0.9845
Trichloroethylene 5 12 0.0205 160.97 487.80 0.9842

Table 2   The physical properties of VOCs

VOC Molar mass
(g mol−1)

Vapor pressure
(kPa)

Dipole moment
(D)

Dichloromethane 84.93 57.3 1.60
Chloroform 119.37 25.9 1.15
Carbon tetrachloride 153.81 11.94 0
Trichloroethylene 131.38 7.8 0.77
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Similar calculations are followed for other (dichloromethane, trichloroeth-
ylene, and carbon tetrachloride) vapors and are reported in the Supplementary 
Materials (Figs.  S4–S12 and Tables  S1–S3). All results show a similar trend 
to chloroform vapor. If we take notice of the R2 values for each concentration 
value, the R2 value of the Elovich model is always higher than the values of the 
Pseudo first-order model. It can be concluded that our experimental results can be 
explained by the Elovich model.

The Elovich model results could be summarized as the adsorption features of 
the PAN sensor have a non-uniform solid surface. Different types of QCM-based 
PAN nanofiber sensors given in Table  3 were studied for VOC sensor applica-
tions. The interaction of the vapor molecules with the nanofiber sensor PAN is 
believed to start with a condensation on the surface of the nanofiber sensor, fol-
lowed by an adsorption process. The sensing mechanism of the vapor molecules 
with the nanofiber sensor structure is affected by the ability of the vapor mol-
ecules to be held up on the surface as a result of the intermolecular forces, such 
as hydrogen bonding, dipole–dipole interaction, and Van der Waals bonding [13, 
49, 50]. All these effects are directly related to physical properties such as vapor 
pressure, molar mass, dipole moment, given in Table 2, and the chemical struc-
ture of the vapor molecules [7, 15]. Several mechanisms have been reported in the 
literature for the adsorption process, including hydrogen bonding, dipole–dipole, 
ion–dipole, n-π, and π-π interaction [7–9, 51].

Fig. 9   qt versus time for chloroform vapor
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100% response parameters of adsorption dynamics

For the reproducibility test of the PAN/PVDF nanofiber-based QCM sensor, three 
cycles of exposure using the saturated vapors were executed. The kinetic graphs of 
each vapor were presented in Fig. 12. The responses in frequency shift showed simi-
lar values for reciprocal exposures.

Adsorption coefficients were calculated using the Elovich model for the 3-cycle 
results, with a 100% concentration value applied to all vapors. Average values and 
standard deviations were obtained and shown in Table 5. The highest value of a was 
obtained for chloroform vapor, while the lowest value of a was obtained for trichlo-
roethylene vapor.

Sensor performance parameters

The PAN/PVDF nanofiber-based QCM sensor was exposed to 2 mL of air with 88% 
RH; air with 88% RH mixed with saturated dichloromethane vapor, 1 mL in volume 
each; 2 mL of saturated dichloromethane vapor. A 120 s time interval allowed for 
the sensor to interact with the vapors. The result is presented in Fig. 13. If the water 
molecules in this injection have an effect on the gas sensing performance, a more 

Fig. 10   The fitting performance of the pseudo-first-order model
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significant response would accompany the injections containing an 88% RH value. 
Therefore, the effect of relative humidity in air was found to be negligible according 
to Fig. 13.

Figure 14 presents the long-term stability of the PAN/PVDF nanofiber-based 
QCM sensor after 2  years. The same procedure was followed for the measure-
ments recorded 2  years after the initial measurement; increasing saturated con-
centrations (20%–40%–60%–80%–100%) of the dichloromethane vapor were 
exposed in 5 cycles, where 2  min of interaction time was allowed within each 

Fig. 11   The fitting performance of the Elovich model

Table 4   Model fitting results for the PAN/PVDF nanofiber-based sensor QCM sensor

Chloro-
form
Concentra-
tion (%)

Pseudo-first order model Elovich Model

k
1

(Hz mL/cm2)
qe
(cm2 s /Hz mL)

R2 a

(Hz mL/cm2)
b

(cm2 s /Hz mL)
R2

20 0.0195 7.8036 0.840 381.3214 0.3518 0.963
40 0.0290 21.8122 0.956 751.6549 0.1404 0.961
60 0.0283 36.7451 0.921 1298.8712 0.0885 0.969
80 0.0278 55.3095 0.952 1955.8549 0.0602 0.983
100 0.0310 72.5938 0.901 2371.6066 0.0447 0.976
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cycle and a flushing with air period. A response loss of approximately 25%, %, 
23%, 29%, 9%, 15% was calculated for each reciprocal cycle of exposures for 
20%, %, 40%, 60%, 80% and 100% of saturated dichloromethane vapor.

Another experiment was carried out on the interactions reversible over many 
cycles. The response of the PAN/PVDF nanofiber-based QCM sensor over 25 
reciprocal cycles is presented in Fig.  15. 2  min of interaction time period was 
allowed for the sensor during each exposure to the saturated concentration of 
dichloromethane vapor, and 1 min of time was allowed for the sensor to recover. 
The reversible interaction over 25 cycles was observed, and it can be concluded 
that the sensor can be used at least for 25 cycles.

To investigate the sensitivity, the PAN/PVDF nanofiber-based QCM sensor 
was exposed to 7 different VOCs: chlorinated and non-chlorinated vapors. The 
sensitivity values for each vapor were calculated using QCM kinetic responses. 
The calculated values are presented in Table 6.

The best sensitivity values were obtained for the chlorinated vapors. BTX vapors 
showed the lowest sensitivities among all vapors tested. The sensitivity to xylene 
was approximately one-third of that to dichloromethane vapor.

Fig. 12   Three cycles at 100% concentrations of the PAN/PVDF nanofiber-based QCM sensor

Table 5   Adsorption coefficients 
of the PAN/PVDF nanofiber-
based QCM sensor

Vapor a ± � b ± � R2

Dichloromethane 2641.16 ±174.81 0.0392 ±0.003 0.954
Chloroform 3110.97 ±650.51 0.0416 ±0.003 0.982
Carbon tetrachloride 2285.58 ±215.94 0.0372 ±0.007 0.977
Trichloroethylene 1747.19 ±375.82 0.0661 ±0.008 0.937
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Conclusions

In this work, PAN/PVDF nanofibers were successfully fabricated by the electro-
spinning technique and utilized as an active layer in QCM-based vapor sensors. 
Morphological, structural, thermal, and mechanical characterizations confirmed 
the formation of uniform and stable nanofibers with improved thermal resist-
ance and mechanical flexibility resulting from the synergistic interaction between 
PAN and PVDF. The adsorption studies revealed that the PAN/PVDF nanofiber-
coated QCM sensor exhibited reproducible and sensitive responses to vapor mol-
ecules, demonstrating its potential for real-time VOC monitoring. The sensor per-
formance metrics of the PAN/PVDF nanofiber-based QCM sensors were calculated 
for sensitivity (0.205–0.249  Hz  ppm−1), LOD (160.57–132.53  ppm), and LOQ 
(487.80–401.60  ppm), respectively.  The sensor performance parameters, such as 
humidity effect, long-term stability, reversibility over many cycles, and selectiv-
ity parameters against DCM vapor,  were studied. Results indicated that the sensor 
exhibited long-term stability and a reversible, selective response to DCM vapor. The 
humidity effect on the PAN/PVDF nanofiber-based QCM sensors could be negligible.

The pseudo-first-order and Elovich kinetic models effectively described the 
adsorption process, indicating that both physical and chemical adsorption mecha-
nisms contributed to the overall interaction. These findings highlight the potential of 
PAN/PVDF hybrid nanofibers as high-performance sensing materials for advanced 
environmental and analytical applications. Future work may focus on optimizing 

Fig. 13   The humidity effect response of the PAN/PVDF nanofiber-based QCM sensor
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Fig. 14   Dichloromethane vapor exposure in increasing vapor amount (20%, 40%, 60%, 80%, and 100% 
saturated vapor). A is two years before, B is two years after

Fig. 15   Reversible interactions of the PAN/PVDF nanofiber-based QCM sensor over multiple cycles 
with DCM vapor
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fiber composition and morphology to further enhance selectivity and sensitivity 
toward specific target analytes.
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