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The real-time sensing of benzene, toluene, ethylbenzene, and xylene (BTEX) vapor has become urgent due to their widespread 
hazards. As a sensing platform that combines low energy consumption and high sensitivity, moisture-resistant detection of ppb-level 
BTEX vapor remains a challenge for quartz crystal microbalance (QCM) based gas sensors. In this work, we employed polyaniline 
nanofibers as the sensing material, significantly enhancing the QCM sensor’s detection capability for BTEX vapor down to the 50 ppb 
level. Besides, thanks to the hydrophobicity of polyaniline nanofibers, this sensor shows minimal response fluctuations to BTEX vapor 
in the relative humidity range of 50-90%. Furthermore, this sensor exhibits a short response time and excellent long-term stability, 
thereby presenting a broad prospect for future industrial applications in BTEX vapor detection.
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INTRODUCTION

The acronym BTEX stands for volatile organic compounds, 
including benzene, toluene, ethylbenzene, and xylene.1-3 Widely 
employed in sectors like chemicals, petroleum, and coatings, they are 
recognized for their significant toxic and carcinogenic properties.4-7 
BTEX poses risks to the human respiratory, central nervous, and 
liver systems, and may lead to health complications like headaches, 
dizziness, and nausea.8-10 Furthermore, BTEX plays a role in 
environmental contamination, heightening the likelihood of ozone 
layer thinning and worldwide climatic shifts.4,11-13 Therefore, it is vital 
to rigorously oversee and manage BTEX emissions. 

Gas sensors serve the purpose of identifying and quantifying 
air gas concentrations.14-17 Typical varieties encompass 
sensors for electrochemistry, semiconductors, quartz crystal 
microbalance (QCM), among others.18-20 Gas sensors by QCM provide 
acute sensitivity, swift reaction, and minimal energy use, facilitating 
accurate and instantaneous measurement of air gas concentrations.21-23 
By applying sensing materials to the QCM’s electrode surface, 
it is possible to identify the target gas through their adsorption 
interactions.24 Utilizing the QCM sensing platform, the primary 
sensing materials for detecting BTEX vapor are organic compounds, 
including polyvinyl acetate, polymer-plasticizer, polybenzimidazole, 
metal phthalocyanine, pentacene, poly(β-cyclodextrin-co-maleic 
anhydride), and organosilicate.25-31 However, their ability to detect 
primarily lies in the ppm concentration, and the influence of 
environmental humidity is not mentioned. Therefore, it is necessary 
to design a novel QCM based BTEX sensing material that can detect 
ppb level concentrations in complex humidity environments, as it can 
optimize the performance parameters of such sensors and improve 
their practicality.

Polyaniline is a conductive and chemically stable polymer, 
with various synthesis methods including chemical oxidation and 
electrochemical synthesis.32,33 Polyaniline nanofibers, with nano-sized 
dimensions, exhibit high surface area and tunable morphology.34 Its 

unique conductivity, mechanical properties, and chemical stability 
make it highly attractive in catalysis, energy storage, sensors, and 
biomedical applications.35-38

Herein, we utilized polyaniline nanofibers as the sensing material, 
leading to a substantial improvement in the detection capability of 
the QCM sensor for BTEX vapor, achieving a sensitivity as low as 
50 ppb. Due to the hydrophobic nature of polyaniline, this sensor 
demonstrates minimal variations in response to BTEX vapor within 
50-90% relative humidity (RH). Additionally, this sensor exhibits a 
rapid response time and exceptional long-term stability, showcasing 
its significant potential in BTEX vapor detection.

EXPERIMENTAL

Chemical raw materials and devices

Details on the chemical substances employed in the synthesis of 
polyaniline nanofibers can be found in the Supplementary Material. 
Chengdu Westarace Electronic Co., China, supplied the QCM chip, 
adorned with silver electrode coating. Each QCM resonator is set to 
a standard frequency of 107 Hz (AT-cut).

Synthesis of polyaniline nanofibers

An in-depth explanation of the polyaniline nanofiber synthesis 
process is provided in the Supplementary Material.

Characterization, fabrication and test methods of the QCM 
sensor

Details on the instruments and methods employed for the 
characterization of polyaniline nanofibers; detailed descriptions 
of the production and examination techniques for the polyaniline 
nanofibers based QCM sensor; and the sensing evaluation system’s 
scheme (Figure S1) are all available in the Supplementary Material.
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RESULTS AND DISCUSSION

Materials characterization

Scanning electron microscope (SEM) imaging was used 
to characterize the structure and dimensions of the polyaniline 
nanofibers created on the QCM substrate. As depicted in Figure 1a, 
the standard SEM depiction of the polyaniline nanofibers shows 
their consistent nanofibers, measuring around 100 nm in diameter. 
Figure 1b presents the outcome of the contact angle examination. 
When the contact angle between a water droplet and the surface of 
an object is greater than 90°, it indicates that the surface of the object 
is hydrophobic.39 The contact angle of QCM substrates coated with 
polyaniline nanofibers is 111.61°, indicating its hydrophobicity.

Figure 2a displayed the X-ray diffraction (XRD) configuration 
of polyaniline nanofibers. Notice that the polyaniline nanofibers 
exhibited pronounced 2θ peaks at 20.62 and 25.43°, aligning with 
the reflective planes of (0 2 0) and (2 0 0) periodicity, which are 
parallel and perpendicular to the polymer chains, respectively.40 
Figure 2b illustrates the Fourier transform infrared (FTIR) spectra 
for polyaniline nanofibers. The oscillation patterns seen at 1582 and 
1498 cm–1 are attributed to the elongation of aromatic C=C bonds 
found in quinone or benzene formations. The spectral band near 
1302 cm–1 aligns with the C–N bond elongation vibration in aromatic 
secondary amines, while the 1145 cm–1 band is attributed to the 
N=Q=N vibration (with Q representing the quinone ring) exhibiting 
electron-like properties. The C–H bond in 1,4-disubstituted benzene 
exhibits an out-of-plane deformation vibration on the polyaniline 
linear main chain, observable at 826 cm–1. The varied absorption 
bands observed between 3500 and 2800 cm–1 are mainly indicative 

of the elongation vibration in N–H bonds, stemming from secondary 
amine groups in polyaniline’s backbone structure.41 

Gas sensing properties

Tests were conducted on the polyaniline nanofibers based QCM 
sensor to assess its ability to detect BTEX concentrations between 
50 and 800 ppb, as depicted in Table 1. The frequency shift values of 
the polyaniline nanofibers based QCM sensor to 50, 100, 200, 400, 
and 800 ppb of benzene vapor were –12.3, –23.7, –44.8, –82.3, and 
–160.5 Hz, respectively. The frequency shift values to 50, 100, 200, 
400, and 800 ppb of toluene vapor were –20.1, –30.2, –48.5, –88.9, 
and –170.3 Hz, respectively. The frequency shift values to 50, 100, 
200, 400, and 800 ppb of ethylbenzene vapor were –26.3, –42.7, –60.7, 
–93.3, and –178.8 Hz, respectively. The frequency shift values to 50, 
100, 200, 400, and 800 ppb of xylene vapor were –27.7, –44.5, –63.6, 
–97.7, and –185.6 Hz, respectively. The aforementioned experimental 
findings suggest that the QCM sensor, made of polyaniline nanofibers, 
can identify concentrations of BTEX vapor at the ppb level.

Figure 2. (a) XRD pattern of polyaniline nanofibers; (b) FTIR spectra of polyaniline nanofibers

Figure 1. (a) SEM image of polyaniline nanofibers coated on the QCM substrate; (b) contact angle test result of QCM substrates coated with polyaniline nanofibers

Table 1. Frequency shift of polyaniline nanofibers based QCM sensor to 
BTEX vapor with various concentrations

Gas
Frequency shift / Hz

50 ppb 100 ppb 200 ppb 400 ppb 800 ppb

Benzene –12.3 –23.7 –44.7 –82.3 –160.5

Toluene –20.1 –30.2 –48.5 –88.9 –170.3

Ethylbenzene –26.3 –42.7 –60.7 –93.3 –178.8

Xylene –27.7 –44.5 –63.6 –97.7 –185.6
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Figure 3 displays four distinct quantitative correlations between 
the values of frequency shifts and BTEX concentrations (including 50, 
100, 200, 400, and 800 ppb). The fitting equations for frequency shifts 
and concentrations of benzene, toluene, ethylbenzene, and xylene 
are: y = –0.1961x – 3.929 (determination coefficient (R2) = 0.9995), 
y  =  –0.2004x – 9.479 (R2 = 0.9998), y  =  –0.1978x  –  19.07 
(R2 = 0.9952), and y = –0.2048x – 20.33 (R2 = 0.9958), respectively. 
The preceding data suggests a linear proportionality in the frequency 
shifts across four equations. Referring to previous references,42,43 
the slope of regression equation is considered as sensitivity 
(ΔHz  ppm‑1). Therefore, the sensitivity of the sensor to benzene, 
toluene, ethylbenzene, and xylene is –196.1, –200.4, –197.8, and 
–204.8 Hz ppm–1, respectively. According to some review literature22,44 
on QCM gas sensors, it is known that a sensitivity greater than 
10 Hz ppm–1 is already quite ideal. Therefore, the sensitivity of our 
sensor is appropriate.

For gas sensors, attaining a level of selectivity is essential.45 
Testing of the polyaniline nanofibers based QCM sensor involved 
subjecting it to various typical gases including benzene, toluene, 
ethylbenzene, and xylene. Referring to Figure 4, the frequency shifts 
in the polyaniline nanofibers based QCM sensor were noticeable upon 
exposure to substances like benzene, toluene, ethylbenzene, xylene, 
acetone, CO2, ethanol, and formaldehyde (HCHO) in a 50 ppb. It 
should be noted that the frequency shift values of this sensor for 
benzene (–12.3 Hz), toluene (–20.1 Hz), ethylbenzene (–26.3 Hz), and 
xylene (–27.7 Hz) at a concentration of 50 ppb are higher compared 
to the four interfering gases of acetone (–4.1 Hz), CO2 (–3.6 Hz), 
ethanol (–2.8 Hz), and HCHO (–2.4 Hz). Consequently, although 
various other disruptive gases can induce a shift in frequency, these 
shifts are minor when contrasted with those caused by benzene, 
toluene, ethylbenzene, and xylene. It has been suggested that the 
adsorption mechanisms of aromatic compounds with polyaniline 
should be attributed to conjugated π-π electrons interactions.46-48 
Therefore, the polyaniline nanofibers based QCM sensor’s enhanced 
adsorptive response to BTEX, four kinds of aromatic compounds, 
is likely due to the π-π electrons interactions occurring between the 
benzene ring structure of polyaniline and the benzene ring structure 
of aromatic BTEX.49,50

In Figure 5, the ongoing frequency shift of the polyaniline 
nanofibers based QCM sensor across four distinct gases is depicted, 
namely 50 ppb benzene, 50 ppb toluene, 50 ppb ethylbenzene, and 
50 ppb xylene. Every frequency shift in this sensor demonstrates 

remarkable sensitivity and recuperation, signifying its consistent 
ability to detect various BTEX vapor types swiftly. Response time 
refers to the duration a sensor requires to reach 90% of the overall 
change in response frequency, while recovery time is the period 
it takes for a sensor to attain 90% of the total change in recovery 
frequency.51 Polyaniline nanofibers based QCM sensors respond to 
50 ppb benzene, 50 ppb toluene, 50 ppb ethylbenzene, and 50 ppb 
xylene in a timeframe of 22-38 s, with a recovery duration of 24‑38 s, 
showcasing their rapid response and recovery potential.

The importance of moisture-resistance in gas sensors lies in its 
ability to reduce the impact of ubiquitous environmental humidity in 
practical applications on sensor performance, ensuring accurate and 
reliable detection results.52 According to the water droplet contact 
angle test results shown in Figure 1b, the surface of polyaniline 
nanofibers based QCM sensor exhibits hydrophobicity. Therefore, 
we tested the frequency shift of the sensor under different humidity 
conditions (50-90% relative humidity). As shown in Figure 6, 
polyaniline nanofibers based QCM sensor exhibits stable frequency 
shift within the relative humidity range of 50-90% to vapor 
concentrations of 50 ppb of benzene, toluene, ethylbenzene, and 
xylene. This indicates that the sensor is capable of reliably detecting 
BTEX vapors at the ppb level in complex humidity environments.

For gas sensors, sustained stability serves as a crucial measure 
of performance.53 In Figure 7, the enduring stability of polyaniline 
nanofibers based QCM sensor, against 50 ppb of benzene, toluene, 
ethylbenzene, and xylene at 298 K is depicted over a span of 

Figure 3. Fitting curves of polyaniline nanofibers based QCM sensor with 
different concentrations of benzene, toluene, ethylbenzene, and xylene

Figure 4. Selectivity tests of polyaniline nanofibers based QCM sensor to 
50 ppb of various detected gases at 298 K

Figure 5. The polyaniline nanofibers based QCM sensor exhibits continuous 
response curves, as well as the corresponding response time and recovery time, 
for 50 ppb benzene, 50 ppb toluene, 50 ppb ethylbenzene, and 50 ppb xylene
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five weeks. Minimal variation in frequency shift was observed 
in the polyaniline nanofibers based QCM sensor at an identical 
concentration, signifying its remarkable stability over time.

CONCLUSIONS

In summary, we have utilized the QCM platform, with polyaniline 
nanofibers as the sensing material, to successfully detect BTEX vapors 
at ppb concentrations. The hydrophobic nature of the synthesized 
polyaniline allows for stable detection of BTEX vapors in different 

humidity environments. Additionally, the sensor exhibits excellent 
selectivity, fast response and recovery speed, as well as long-term 
stability. We believe that this work provides valuable insights and 
possibilities for the development of BTEX sensors with superior 
performance for practical applications.

SUPPLEMENTARY MATERIAL

The chemical raw materials and synthesis method of polyaniline 
nanofibers; characterization; fabrication and test methods of the 
QCM sensor; schematic of the gas testing system are available at  
http://quimicanova.sbq.org.br/, as a PDF file, with free access.
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