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Abstract: The development of acoustic wave sensors was driven by the presence of modern technology. Quartz
crystal microbalance (QCM) has excellent sensing capabilities and has wide range of applications. Selection of
sensing layer is crucial to ensure the performance of the QCM sensor for volatile organic compound (VOC) detection.
Hence, the objective of this paper is to compare the performance of chitosan coated QCM sensor for different analyte
gas: isopropyl alcohol (IPA). Finite element simulation was implemented using COMSOL Multiphysics to study the
resonance frequency shift before and after sensing. Simulation results shows IPA detection shows a higher resonance
frequency shift of 62.5 Hz compared to acetone due to higher molar mass. Experimental work is conducted to validate
the simulation results where IPA analyte gas yields in 84.8 Hz which is higher than acetone analyte gas at 41.8 Hz.
The functional groups for both sensing layer and analyte gas also affects the gas detection performance. IPA analyte
gas possessed hydroxyl groups that favors to hydrogen bond formation with chitosan sensing layer. Thus, the QCM
sensor with chitosan as the sensing layer has the potential for VOC sensing of different molar mass and functional
groups.

Keywords: chitosan sensing layer, QCM sensor, resonance frequency shift, sensitivity

1. Introduction

Volatile organic compounds (VOCSs) are organic substances that readily create vapours in ambient [1] and can be
classified of alcohol, ketone, aldehyde, alkane, and aromatic compounds [2]. VOCs such as acetone [3], and isopropyl
alcohol [4] are commonly known as biomarkers to detect cancerous diseases and may exert harmful effect when
overexposed [5]. Aside from that, VOCs may also contribute to environmental pollution that causes global warming, for
example having excess methane and carbon dioxide emitted from the vegetation of palm oil plantations [6][7].
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Furthermore, excessive exposure to formaldehyde and alcohol in the air can cause chronic respiratory and cardiovascular
problems, which can lead to mortality [8]. Gas sensing is extensively developed in diseases diagnosis, and environmental
standards control [9]. Mass-sensitive sensor interprets the mass change detected into acquired measures. QCM is a type
of mass-sensitive piezoelectric sensor which is a highly sensitive sensor that can provide rapid detection [10]. Acoustic
wave propagated through the QCM from the voltage supplied to the QCM is converted back to electrical signal and
measured in terms of resonance frequency as the output. The change in the resonance frequency is due to the mass change
on the QCM sensor where wave damping occurs [11].

Sensing layer is crucial to investigate selectivity and sensitivity of the sensor towards analyte gases. Commonly used
material as sensing layers are metal oxide [12], carbon nanotubes [13] and polymers [14]. Chitosan is a natural
biopolymer composed of a polysaccharide chain formed by the deacetylation of chitin [15]. It's known for its mechanical
strength, biodegradability, permeability, and film forming abilities [15]. It also has two reactive functional groups: the
hydroxyl group and the amino group [15]. Because of these properties, chitosan can be modified in various ways to make
it ideal for targeted gas detection. Experimental work was conducted using chitosan as a sensing layer on QCM sensor to
detect VOCs; alcohols and aliphatic amines [16]. The authors also continued their studies on chitosan by modification
with polyaniline PANI, a synthetic polymer [17]. Chitosan has been discovered to be a viable choice for a sensing layer
since the results reveal that selectivity can be attained for aliphatic amines rather than alcohols [16], [17].

However, there are few investigations on acoustic wave sensor finite element simulations using chitosan sensing
layers for QCM sensors. The objective of this paper is to analyze the performance of QCM sensor with chitosan sensing
layers for IPA and acetone detection. The frequency shift performance of the QCM sensor using both sensing layers will
be explored further throughout the study. This work presents the finite element simulation and experimental work for
QCM sensor in detecting acetone and IPA analyte gases by using chitosan as the sensing layer.

2. COMSOL Multiphysics Simulation

2.1 Design Concept

The oscillation will be occurred at the quartz substrate when the alternating electric field applied over the top
electrodes of the quartz crystal microbalance (QCM). Hence, the transverse acoustic wave propagates across the quartz
substrate and being captured by the bottom electrode of the QCM. The resonance frequency of the QCM was designed
to work at about 10 MHz in range. The resonance frequency is obtained following equation (1) where f is the resonance
frequency, d is the thickness of the quartz substrate and v is the velocity of the acoustic wave.
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When the QCM is exposed to the analyte gas after sensing layer deposition, resonance frequency shift is observed
due to the change in mass and velocity of the wave propagating through the quartz crystal substrates as shown in equation
(2). The design parameter of QCM was designed as shown in Table 1 using 3D model. Fig.1(a) shows the geometry of
the QCM sensor. The orientation of the AT-cut quartz follows the standards of IEEE standard of 1987 [18]. The structure
of QCM substrate are thin gold electrodes of 200 nm thickness and 3 mm radius sandwiched between the quartz
substrates. chitosan sensing layer was added on top of the gold electrode at 120 um thickness. The model was given
proper boundary conditions, and solid mechanics, electrostatics, and an electrical circuit were all incorporated into the
relevant components. A mesh has been constructed and mapped onto the integrated and specified boundary condition
model as shown in Fig. 1(b). Chitosan was chosen as the sensing layer for this work. Chitosan layer was deposited on top
of the top gold electrode as shown in Fig. 1(d). The displacement of the wave propagating through the QCM sensor with
and without chitosan sensing layer respectively was observed in Fig. 1(c) and Fig. 1 (d).

Table 1 - The design parameter set for COMSOL simulation on acetone and IPA analyte gas detection on QCM
with chitosan sensing layer

Material Description Dimension
Quartz substrate Radius 6.95 [mm]
Thickness 167 [um]
Gold Electrode Radius 3 [mm]
Thickness 200 [nm]
Chitosan sensing layer Density 0.982 [g/cm®]
Young’s Modulus 1.5 [GPa]
Thickness 120 [um]
Acetone Molar mass 58.08 [g/mol]
IPA 60.1 [g/mol]
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Fig. 1- (a) Structure of QCM sensor that consist of with top electrode, bottom electrodes and chitosan
sensing layer; (b) Mesh structure for finite element FEM simulation; (c) Mode displacement of acoustic wave
propagation without chitosan sensing layer; (d) Mode displacement of acoustic wave propagation with chitosan
as sensing layer

The finite element simulation is then completed by applying the model to the allocated adaptive frequency sweep study,
which yields the displacement curve. The resonance frequency for every change in the parameter was found from the
displacement curve [19]. The sensitivity, S of the QCM sensor was calculated by finding the slope of frequency shift, Af
and mass change, Am as shown in equation (2)[19].
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2.2 Results and Discussion

2.2.1 Structure

The acoustic wave displacement of propagated across the sensor for QCM coated with chitosan is illustrated in Fig.
1 (d). The properties of the sensing layer deposited onto the QCM electrodes determined the wave propagation in terms
of total displacement. These can be presented in the graph of frequency vs displacement as shown in Fig. 2. The resonance
frequency of the QCM with gold electrode overlayed with chitosan sensing layer obtained is 9.9480585 MHz as shown
in Fig. 2 (a).

The study of performance of the sensor in terms of resonance frequency shift and sensitivity were analysed by
simulating the sensor response in two different VOCs gases: IPA and acetone at 1000 ppm concentration. The resonance
frequency shifted to the left when there is change in mass on detected on the QCM sensor electrode and in agreement
with Sauberry equation shown in (2). The exposure of the QCM sensor with chitosan sensing layer to the acetone and
IPA analyte gases results in shifted resonance frequency to 9.947998 MHz and 9.947996 MHz as shown in Fig. 2 (b) and
Fig. 2 (c). The sensing performance of the QCM sensor increases with increase in molar mass of the analyte gas. Hence,
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the frequency shift obtained for IPA analyte gas is 62.5Hz greater than acetone analyte gas that is 60.5Hz. This is due
that the molar mass for IPA (60.1 g/mol) is slightly higher than molar mass of acetone (58.08 g/mol) as shown in Table
1. Since the molar mass for acetone and IPA did not vary as much, small changes of resonance frequency shift (2 Hz)
were observed. These results are in agreement with [20] where the changes in value of the resonance frequency indicates
the addition of mass on the QCM sensor.
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Fig. 2 - The graph of displacement against frequency obtained from finite element simulation where (a)
resonance frequency of QCM before analyte gas sensing; (b) simulated resonance frequency when exposed to
1000 ppm acetone; (c) simulated resonance frequency when exposed to 1000 ppm IPA

Sensitivity is crucial to ensure the performance of the gas sensing. Sensitivity can be calculated from the slope of the
graph resonance frequency shift against concentration of the analyte gas. The graph of resonance frequency shift against
concentration of the analytes gases has been plotted as shown in Fig. 3. The slope value at 0.06076 Hz/ppm and 0.06232
Hz/ppm are the sensitivity value for chitosan sensing layer to acetone and IPA analyte gases respectively. A linear fit
analysis gives R? values of 0.99993 and 0.99976 for acetone and IPA analyte gas detection consequently. The R? values
indicates the precision of the data obtained to the theoretical estimation.

For both IPA and acetone detection using chitosan sensing layer, increase in concentration of analyte gas was
observed when resonance frequency shift increases. Small change in molar mass of the two IPA and acetone gases has
led to small variation to the detection as shown in Fig. 3. This agreed with the Sauerbrey’s equation (3) where Af is the
resonance frequency shift, with f, as the unperturbed frequency, Am is the mass change, p as the density, A as the active
are of the quartz substrate and x as the shear modulus of quartz [21]. As the concentration of IPA and acetone increases,
the resonance frequency shift also increases accordingly.
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Fig. 3 - The sensitivity of the QCM sensor with chitosan sensing layer to acetone and IPA analyte gases
which is obtained from the graph of resonance frequency shift against concentration of analyte gas

Chitosan as sensing layer is known as a natural biopolymer [22],[23]. It consists of hydroxyl group (-OH bond),
carbonyl compounds, and aliphatic amines [20], [24], [25]. As for the analyte gases, acetone is in ketones group while
IPA is an alcohol. Ketones are made up of carboxylic acids where it consists of carbonyl and carboxyl group (-COOH
bond) [26] while alcohol consist of hydroxyl groups. These bonds are responsible for the adsorption of gas molecules.
The detection of the IPA analyte gas is due to the formation of hydrogen bonds from the interaction of hydroxyl group
in IPA analyte gas to the hydroxyl group in chitosan sensing layer [27]. Unfortunately, these interactions did not occur
to alcohols. Acetone is highly polar, but it does not have any hydrogen atom attached to oxygen directly to enable any
hydrogen bond formation [28]. Hence, only amines and carbonyl groups from chitosan sensing layer to interact with
acetone [29]-[31]. These explains on the difference of resonance frequency shifts observed for both IPA and acetone
gases.

3. Experimental Work

For validation purposes, an experimental work on acetone and IPA analyte gas detection has been implemented on
10 MHz QCM sensor with gold electrodes. Chitosan liquid solution was prepared by dissolving 0.5g of chitosan powder
in 2% acetic acid solution with continuous stirring for 3 hours at 60°C. 5 uL of the prepared liquid solution was drop
casted on the QCM electrode and dried in oven at 55°C for 30 minutes [20]. The QCM was then placed in a gas test
chamber and connected to OpenQCM software as shown in Fig. 5. A micropipette was used to drop a volume of 5 pL
analyte liquid into the gas test chamber and let to evaporate into gaseous state. The concentration ppm of the analyte gas
in the gas test chamber was calculated using equation (4)[32] where p is the density of analyte liquid (g/mL), T is the gas
test chamber (K), v is the analyte liquid volume (uL), M is the molecular weight of analyte gas (g/mol) and V is the
volume of gas test chamber (L). The value of concentration in ppm calculated was 1720 ppm.
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Fig. 4 - Experimental setup for acetone and IPA analyte gas sensing and the cross-section of the QCM
sensor with the sensing mechanism.
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Fig. 5 - Graph of measured resonance frequency shift against time when QCM sensor with chitosan sensing
layer is exposed to acetone and IPA analyte gases

The frequency measurements were recorded over time until it reached saturation where there is no further change
was observed in frequency. Fig. 5 shows the graph of resonance frequency shift over time when QCM with chitosan
sensing layer was exposed to both, acetone, and IPA analyte gases. From the graph, IPA analyte gas shows greater
resonance frequency shifts at 84.8 Hz compared to acetone analyte gas at 41.3 Hz. The steepness of the slopes formed by
linear fit analysis from the plots in Fig. 6 indicates the rate of adsorption in terms of resonance frequency shift by time.
IPA analyte gas detection rate at 1.404 Hz/s is higher than acetone analyte gas which is at 0.806 Hz/s. This is due to the
strong interaction between chitosan sensing layer and IPA analyte gas in the hydrogen bond formations [27].
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The interaction between amines in chitosan sensing layer results in dehydrogenation of IPA analyte gas into carbonyl
compounds also promotes to IPA analyte gas detection [33],[34]. The results of both simulation and experimental work
have been summarized in Table 2.

Table 2 - Table of summary for simulated resonance frequency shift (Af) for finite element simulation in
comparison with measured resonance frequency shift (Af) for experimental work

Analyte gas Functional  Molar mass Finite Experiment
group (g9/mol) element Af (Hz)
simulation
Af (Hz)
Acetone Ketone 58.08 62.5 84.8
IPA Alcohol 60.1 60.5 41.3

4. Conclusion

In this work, chitosan layered on the electrode of a QCM sensor was designed. Finite element simulation using
COMSOL Multiphysics was implemented to detect VOCs involving acetone, and IPA using chitosan sensing layer at
1000 ppm concentration of analyte gas. Greater frequency shift was observed for gases with greater molar mass for both
simulation and experimental work. Additionally, the functional groups of chitosan, as well as the functional groups of
both acetone and IPA analyte gases, have altered the detection selectivity. In simulation work, chitosan sensing layer
shows slightly higher sensitivity towards IPA analyte gas molecules at 0.06232 Hz/ppm than acetone analyte gas at
0.06076 Hz/ppm. This is due to the greater molecular mass of IPA compared to acetone analyte gas. The simulation
results have been validated through experimental work where the frequency shift measured for acetone at 41.3 Hz is
lower than IPA at 84.8 Hz. Further studies will be implemented to investigate the effect of environmental condition
performance of the QCM gas sensor as different volatile organic compounds that behave differently according to their
chemical properties.
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