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Abstract: A quartz crystal microbalance (QCM) modified by a film of nano-structured polyaniline (nano-PANI) 
is developed as a gas sensor for detecting the presence of the plasticizer, such as dibutyl phthalate (DBP) in the 
ambient. Nano-PANI is prepared using a non-template method and the films are deposited using physical 
coating method. Scanning electron microscopy is used to characterize the nano-PANI film. The sensor response 
towards DBP is tested in a sealed gas chamber. The QCM resonant frequency shift is measured due to the 
absorption of DBP with different concentration ranging from 0.04 to 1.2 ppm. The experiment results show that 
the variation of the frequency is a linear function of DBP concentration and the sensitivity up to 54 Hz/ppm 
could be achieved by using the researched nano-PANI on QCM. To investigate the selectivity, the potential 
interfering analytes such as acetone, ethanol, acetaldehyde and formaldehyde are tested. And the mechanism 
hypothesis of the nano-PANI sensitive to the plasticizer is analyzed. Copyright © 2014 IFSA Publishing, S. L. 
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1. Introduction 
 

Plasticizers are additives that increase the 
plasticity or fluidity of a material. Dibutyl phthalate 
(DBP), one of phthalic acid esters, is widely used as 
additives to impart flexibility to polyvinyl plastics 
and other materials, including medical devices, 
pharmaceuticals, industry plastics, explosives, 
elastomers, safety glass, printing inks, paper coatings, 
and personal care products (e.g., perfumes, nail 
polishes and cosmetics) [1]. Toxicity studies have 
described that DBP exerts adverse effects on the 

development of the reproductive system of male 
rodent offspring, producing external and skeletal 
malformations through an antiandrogenic 
mechanism [2], following maternal oral intake [3, 4] 
or exposure [5, 6] throughout pregnancy, lactation 
and adolescence [7]. Moreover, some study showed a 
rapid skin penetration and systemic uptake of DBP in 
humans [8]. Health Canada has reported tolerable 
daily intake (TDI) of 0.0625 mg kg−1 day−1 for 
DBP [9], and the US Environment Protection Agency 
reported the reference dose (RfD) of 
0.1 mg kg−1 day−1 for DBP in 1987 [10]. 
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A quartz crystal microbalance (QCM) is 
extremely sensitive to mass change, which is 
extensively employed in gas analysis since King first 
introduced in 1964 [11]. The mass of the film (m) can 
be monitored by measuring the oscillating frequency 
change ( f ) of a quartz crystal and using the well-

known Sauerbrey equation [12]: 
 

 2
02

q q

f
f m

A 
    , (1) 

 
where f  is the observed frequency change (Hz), 

0f  is the fundamental resonant frequency of the 

crystal, A  is the active area of the crystal (between 
electrodes), 

q  is the density of quartz (2.649 g/cm3) 

and q  is the shear wave velocity (2.947× 1010 N/m2) 

in the quartz [13]. Recently, the electrodes of  
QCM coated sensitive films (e.g., polymer or 
copolymers [14], gold colloid [15],  
phthalocyanine [16] and pure n-alkanes [17]) were 
developed for determination of chlorinated aliphatic 
hydrocarbons [13], toluene [14], ethanol and 
methylamine [15], nitric oxide [16], ammonia [18], 
N2 and Ar adsorption isotherms [19]. 

Polyaniline (PANI) has attracted much attention 
because of its environmental stability and its high 
electrical conductivity. In addition, it remains distinct 
from other polymers by possessing unique structural 
characteristics and the consequent redox behavior, 
interlinked with the degree of doping and  
protonation [13]. 

Although several QCM sensors coated by 
polyaniline have been successfully employed for the 
determination of gases [13, 20], DBP gas sensors 
based on coated QCM have seldom been investigated. 
We studied a QCM sensor with nano-structured 
polyaniline film for highly sensitive DBP detection in 
the air. Moreover, evaluation of the sensor 
performance, such as sensitivity, repeatability, 
selectivity and lifetime, has been done. 
 
 
2. Experiment 
 
2.1. Materials 
 

Aniline (CAS No.: 62533, AR), ammonium 
peroxydisulfate (CAS No.: 7727540, AR), 
cetrimonium bromide (CAS No.: 57090, AR) and 
hydrochloric acid (CAS No.: 7647010, AR) were 
purchased from Sinopharm Chemical Reagent Co., 
Ltd. Aniline was freshly distilled in vacuum prior to 
use. Ethanol (CAS No.: 64175, AR), acetaldehyde 
(CAS No.: 75070, AR), acetone (CAS No.: 67641, 
AR) and formaldehyde solution (CAS No.: 50000, 
37 % in H2O, AR) were also all commercially 
available. AT-cut 6.0 MHz (HC-49/U) quartz crystals 
with silver electrodes on both sides were purchased 
from Hosonic International (Hangzhou) Ltd., China. 

The crystals were rinsed in 0.1 mol/L ethanol and 
then in deionized water prior to use. Deionized 
filtered water was used in all experiments. 
 
 
2.2. Preparation of the QCM Sensor Based  

on the Nano-PANI Film 
 

The coating mixture was prepared by adding 
equimolar aniline, ammonium peroxydisulfate and a 
small amount of cetrimonium bromide in a 
hydrochloride solution. The blue–black solution of 
polyaniline in water was obtained after standing for 
24 h. Then certain volume (e.g. 10 microliters) of 
polyaniline aqueous solution were dispensed onto the 
surface of the electrode using a micropipette. The 
sensing film area was 0.5 cm2. The device was dried 
in a dry cabinet at room temperature. Then a QCM 
sensor modified with a nano-structured polyaniline 
(nano-PANI) film was obtained. 
 
 
2.3. Gas Sensing Experiments 
 

The sensors were characterized in a 500 mL 
sealed chamber either in a high-purity N2 or analytic 
gases at room temperature (15 degree Celsius). The 
analytic gases used during the investigation were 
DBP, ethanol, acetone, acetaldehyde and 
formaldehyde. An uncoated crystal was used as a 
reference QCM, while a nano-PANI film coated 
crystal was used as a sensing QCM. The frequency 
difference between sensing and reference QCMs was 
measured continuously with 1 second intervals. 
When an analytic gas was injected into the testing 
chamber, the frequency difference change was 
defined as the response of the sensor. When the QCM 
sensor response was stable, the high-purity N2 purged 
the chamber to recover the sensor. 
 
 
3. Results and Discussion 
 
3.1. Scanning Electron Microscopy of the 

Nano-PANI Film 
 

Scanning electron microscopy (SEM) observation 
was performed using a Field-Emission Scanning 
Electron Microscope with Energy Dispersive 
Spectrometer (FESEM-EDS, HITACHI S4800, 
Japan), operated at 5.0 kV. The nano-PANI film on 
the QCM sensor was deposited by platinum on the 
surface for SEM observation. Fig. 1 shows the 
surface morphology of the nano-PANI film, which is 
porous and consists of nanowires with wide diameter 
variations approximately from 20 nm to 100 nm. 
Disordered nanowires illustrate the textural 
framework of the nano-PANI film and such porous 
framework would be ideal for gas sensing, because it 
enhances the diffusion of target analytes inside the 
three-dimensional sensing matrix. 
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Fig. 1. SEM image of the nano-PANI film on a quartz 
crystal electrode. 

 
 
3.2. Optimization of the Thickness of the 

Nano-PANI Film 
 

The thickness of the nano-PANI film on the 
electrode should be considered as an important factor 
affecting the sensitivity of the gas sensor. The 
polyaniline film thickness was measured by a 
measuring microscope (107JA precise measuring 
microscope purchased from Shanghai CSOIF, Co., 
LTD., Shanghai, China). Fig. 2 shows the responses 
of the sensors to 0.2 ppm DBP, according to the 
thickness of the sensing films. As the thickness of 
polyaniline films increased from 4 to 20 μm, the 
responses increased obviously. When the thickness of 
polyaniline films was more than 20 μm, the responses 
did not increase dramatically further. In order to 
maintain the fastest response, the optimal thickness 
of polyaniline films of 20 μm was chosen. 
 
 

 
 

Fig. 2. Responses of QCM gas sensors to 0.2 ppm DBP 
with different thicknesses of nano-PANI films. 

 
 
3.3. Sensitivity and Repeatability of the QCM 

Gas Sensor 
 

Sauerbrey equation 
2
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q q

f
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A 
     gives the 

relationship between the change in the oscillation 

frequency of piezoelectric quartz ( f ) and the mass 

(m ) added to the crystal.  
When an analyte was injected into the testing 

chamber, the compound molecule was absorbed into 
the sensing film. The mass of the film on the QCM 
was increased and the sensing QCM’s frequency 
decreased. The response increased, which was 
defined as the change of the frequency difference 
between the sensing QCM and the reference QCM. 
The sensor could be recovered by purging high-purity 
N2 to desorb the gas molecules from the PANI film. 
Fig. 3 demonstrates the response cycles of a nano-
PANI based QCM gas sensor to 0.2, 0.4, 0.6 and 
0.8 ppm DBP and purged by high purity N2 at room 
temperature (15 degree Celsius). The gas sensor had 
a good repeatability for every DBP concentration and 
the response time (t90) was less than 30 seconds. It 
can be seen in Fig. 3 that the sensors could be 
recovered by high-purity N2 purgation easily. 
 
 

 
 

Fig. 3. Frequency cycles of the QCM gas sensor coated  
by the nano-PANI film response to different concentrations 
of DBP and purged by high-purity N2 at room temperature. 
 
 

The calibration curve of the nano-PANI based 
QCM sensor is shown in Fig. 4. The sensors were 
tested with a purging step in N2 for 5 minutes and a 
sensing step in DBP of gas state for 5 minutes 
alternately. Each response (R) of the sensor to DBP 
concentration (C) was repeatedly measured 4 times. 
As shown in the Fig. 4, responses of the sensor were 
almost linear proportional to the DBP concentration 
in the range from 0.04 to 1.20 ppm. The regression 
equation is R = 53.6 C + 3.7 with a correlation 
coefficient of 0.998. The limit of detection 
(calculated as three times the signal-to-noise ratio) 
was 0.02 ppm. 
 
 
3.4. Selectivity 
 

In order to investigate the selectivity of nano-
PANI film based QCM gas sensor, the frequency 
changes of the sensor response to acetone, ethanol, 
acetaldehyde and DBP were measured. The sensors’ 
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responses to acetone, ethanol, acetaldehyde and 
formaldehyde were still far less than to DBP, though 
the concentration of the contrast analyte (20 ppm) 
was 25 times higher than that of the target analyte 
DBP (0.8 ppm). The frequency difference is shown in 
Fig. 5. This experiment illustrated that the sensor had 
an excellent selectivity to DBP from acetone, ethanol, 
acetaldehyde and formaldehyde, though they have 
similar molecular structures to some extent. 
 
 

 
 

Fig. 4. Calibration curve of the nano-PANI film based 
QCM sensor response to DBP. 

 
 

 
 

Fig. 5. The selectivity of the nano-PANI based QCM gas 
sensor (the concentration of acetone, ethanol, acetaldehyde 
and formaldehyde was 20 ppm and the concentration  
of DBP was 0.8 ppm). 
 
 

3.5. Long-Term Stability 
 

To assess the long-term stability of the nano-
PANI based QCM sensor, the frequency response 
cycles measured immediately after fabrication and in 
20 days storage were recorded and compared. As 
seen in Fig. 6, it can be demonstrated that the 
response amplitude and recovery of the sensor 
remained almost unchanged, after stored in a dry 
cabinet at room temperature for 20 days. 
 
 

3.6. Mechanism of the Nano-PANI  
Sensitive to DBP 

 
The plasticizer acts on a polymer that has many 

points of attachment along the polymer chain by 
breaking the attachment at places and masking the 
centers of force (we need not define them yet as Van 
der Waals, London, Debye, hydrogen bonding, 
crystal, or primary valence forces) that have held 
these polymer chains together. The plasticizer masks 
these centers of force by selectively solvating the 
polymer chain at these points. There may be such a 
force between the hydrogens in –NH- group of 
polyaniline and the oxygens of the ester group or 
electron clouds of the benzene rings in DBP. 
 
 

 
 

Fig. 6. The relative response of the sensors to 0.8 ppm DBP 
changes in 20-day storage in a dry cabinet  

at room temperature. 
 
 
4. Conclusion 
 

A simple non-template method was applied to 
prepare the nano-structured polyaniline. And a QCM 
gas sensor based on a nano-PANI film was developed 
to sense the plasticizer DBP in gaseous state. The 
satisfactory performance of the QCM sensor was 
obtained, such as the high sensitivity, the good 
selectivity and the long-term stability. This QCM gas 
sensor is simple-made and low-cost, that has 
potential to be commercial DBP-sensitive sensors for 
industrial and environmental applications. 
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