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ABSTRACT: Two formaldehyde detection methods are proposed
by applying composite film quartz crystal microbalance (QCM)
sensors. QCM sensor coated with PAAm/MWCNTs and PVAm/
MWCNTs shows excellent characteristics of lower limit and high
sensitivity. The lower limit of PVAm/MWCNTs is 0.5 ppm, and its
detection sensitivity is 0.74 ppm/Hz. Upon working at different
concentrations of formaldehyde and fabricating in different
proportions, the reuse performance, gas selectivity, and response
at room temperature show contrasting results. The main
advantages of the two sensors presented are fast reaction, low
cost, and easy manufacture. Compared to other formaldehyde
sensors based on QCM, the PAAm/MWCNT- and PVAm/
MWCNT-coated QCM sensors are able to concurrently show excellent selectivity, reuse performance, and high sensitivity, which is
of great significance to detect the environmental quality.

■ INTRODUCTION

Formaldehyde (HCHO) is widely acknowledged as one of the
most important chemical raw materials, which is characterized
by active chemical properties, high purity, and low cost.1 The
world produces more than 10 million tons of formaldehyde
every year.2 Formaldehyde is in high demand in the
manufacturing of building plates, plywood, and lacquer
materials. Thus, HCHO is released to the environment as a
volatile compound in large quantities.2−6 HCHO can cause
serious health problems on long-term exposure even at a low
concentration. HCHO has been identified as a mutation-
inducing substance in organisms and a human carcinogen that
can increase irritation symptoms and cause respiratory distress
and immune system disorders, which has been confirmed by
microbial and mouse experiments.2,7−9 For pregnant women,
long-term exposure to HCHO at low concentrations will cause
fetal deformities and necrosis due to allergic reactions.10

Scientists have found that formaldehyde is also one of the
chemical mediators of apoptosis.11 Researchers have made a
lot of efforts on formaldehyde sensors and invented a variety of
products and analytical detection methods. At present, several
methods are being commonly used, among which spectropho-
tometry has the advantages of low cost and easy handling, but
it shows low sensitivity and the material is susceptible to
deterioration.12−14 Chromatography has become very common
for detecting formaldehyde, which is not easily influenced by
environmental factors and shows outstanding gas separation
performance with high sensitivity and precision. Other
methods such as electrochemical detection, high-performance

liquid chromatography, and photometric and fluorometric
determination are suited for real-time monitoring, and they
often require large, expensive laboratory equipment, harsh
experimental conditions, and has complex sampling techni-
ques.15,16 At present, the fastest detector for testing form-
aldehyde is the PPM-400 portable gas detection instrument
from United Kingdom, which can determine formaldehyde at
the level of 0.01 ppm. However, it is vulnerable to interference
by other volatile organic gases and has a short life. Among the
above methods, QCM is widely used for its high sensitivity,
fast response, simplicity, and low experimental cost, and it is
confirmed to be the most attractive and widespread technique
for measuring HCHO at low concentrations. QCM can be
functionalized by several coating methods, including drop-
casting, spin coating, electrospinning, chemical vapor deposi-
tion, and molecular imprinting.17 QCM can detect mass
changes at the nanogram level.3,10 AT-cut quartz wafer is
coated with a selective film, which can absorb gas, and the
surface mass of quartz crystal increases. The mechanical
resonance frequency of crystal changes due to the inverse
piezoelectric effect of quartz crystal so that the concentration
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of target gas can be detected.18 The coated QCM sensor is put
into the gas chamber. After the reaction between the gas and
the sensitive film, the film mass increases and the frequency of
the QCM sensor decreases. Finally, the concentration of the
gas to be measured is calculated using the frequency shift. The
performance of the existing QCM for measuring formaldehyde
is largely determined by the surface coating material.16,19−21

Repeatability, selectivity, and sensitivity are the key perform-
ance metrics to test formaldehyde detection for QCM.
Polymer nanofibers are characterized by large surface−volume
ratio, superior mechanical properties, and high porosity.10,22−24

The experimental results showed that the detection limit of the
PAAm/MWCNT sensor reached 1 ppm, and the PVAm/
MWCNT sensor could be used to detect formaldehyde at a
lower concentration, with various parameters superior to
PAAm/MWCNTs.
Table 1 lists the results of using QCM as a formaldehyde

sensor in recent years. It can be seen that scientists have
discovered a variety of polymers and oxides and made them
into composite membranes to produce sensitive membranes
and coated them on QCM to test formaldehyde. Molecularly
imprinted polymers (MIPs) were used to make composite
membranes selective to formaldehyde,25 but it needs a
relatively complex manufacturing process. Using the electro-
spinning technology, materials can be fabricated with cross-
linked network structures, large specific surface areas, high
porosity, and large packing density, which means the sensor
can achieve higher sensitivity. But the above two methods need
a relatively complex manufacturing process. To prepare fibers
by electrospinning, the polymer must reach a certain relative
molecular mass. In the literature, the test ranges for the
concentration of formaldehyde are mostly 1−100 or 1−30
ppm.26−31 This article mainly discusses the detection of
formaldehyde in the low concentration (0.5-6 ppm) range,
which is more suitable for most real-life scenarios. For the
detection of low-concentration formaldehyde, we prefer to
choose low-cost materials that do not contain metal ions, to
avoid environmental pollution. The sensitivity and response
time in the low-concentration formaldehyde test in this paper
are comparable to previous results. The materials used have the
advantages of not requiring complex preparation processes, low
cost, and no environmental pollution.

■ MATERIALS AND METHOD
Principle and Numerical Calculation of QCM. When

generating standing sound waves in an AY-cut quartz crystal,
the intrinsic positive frequency of quartz crystal f 0 is

μ ρ
=

·
f

A

M20

q q q

(1)

where Aq is the effective area of a quartz crystal, μ is the shear
modulus of the crystal, ρq is the density, and M represents the
mass. On evenly coating the QCM with the electrode, the
frequency change Δf caused by mass change ΔM is18

μ ρ
Δ =−

Δ
·

f
f M

A

2 0
2

e q q (2)

where Ae is the electrode area. For AT-cut quartz crystals with
density ρq = 2.648 g/cm2 and shear modulus μq = 2.947 ×
1011/(cm·s2), the formula for QCM frequency response is

ρΔ =− × · ·Δ−f f t2.26 10 6
0
2

(3)

where Δt is the thickness of the composite membrane. This
formula proves that frequency variation of QCM is inversely
proportional to the film mass on the electrode surface, that is,
as the film mass increases, the frequency of QCM decreases.
For selecting a coating material, we mainly consider the

following four aspects: the material should react reversibly with
formaldehyde; it should have excellent adsorption capacity; the
reactive surface area of the material should be maximum; and
the difficulty of coating material preparation and the
environmental contamination of the raw materials required
for preparation should be concerned. According to the element
structure of the main chain of the macromolecule, polymers
can be divided into carbon chain polymers, heterochain
polymers, and elemental organic polymers. For this work, we
choose polymers rich in amine groups among carbon chain
polymers.
Polyacrylamide (PAAm) is a linear polymer with the

chemical formula (C3H5NO)n. It is a hard glassy solid at
room temperature. The products include glue, latex and white
powder, translucent beads, and flakes. Polyvinylamine (PVAm)
is a kind of polymer with rich activated primary amine group,
high charge density, and controllable molecular chain length,

Table 1. Results of Previous Work

refs materials sensitivity response/recovery time limit year

32 amine-functionalized SBA-15 not given 11/15 s not given 2007
26 PEI/PVA 0.5 Hz/ppm not given not given 2010
33 PEI/PS 1.7 Hz/ppm not given 3 ppm 2011
27 PEI/BC 3.15 Hz/ppm not given 10 ppm 2011
28 PEI-functionalized TiO2 fibers 0.014 Hz/ppm <120 s 1.2 ppm 2012
34 PAN/PVA not given not given 0.5 ppm 2013
29 chitosan + PEI 0.172 Hz/ppm not given not given 2014
35 PEI/MWCNTs 0.82 Hz/ppm 114/127 s 0.6 ppm 2015
36 graphene oxide 22.9 Hz/ppm 60 s 0.06 ppm 2016
30 Cu(DDS)2Cl2(MeOH2) not given 50 s 50 ppb 2017
37 diamino diphenyl sulfone (DDS) 3.68−5.94 Hz/ppm 60 s (1.7 ppm) 1 ppm 2017
38 PDA/PODS 10 Hz/ppm not given not given 2018
39 copper manganese composite oxide 167 Hz/ppm 60 s 0.3 ppm 2018
40 PDA/HMSSs 21.4−51.8 Hz/ppm 5−9/3−15 s 100 ppb 2018
31 CuO/ZnO nanofiber 0.743 Hz/ppm not given 41 ppb 2019
3 calix[4]arene cage (SCC) 18.324 Hz/ppm not given 0.67 ppb 2020
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which are very suitable for formaldehyde detection.34,41 The
porous structure of the coating may accelerate the adsorption
and desorption processes, thereby increasing the response
rate.34 The reaction between formaldehyde and PAAm and
PVAm is shown in Figures 1 and 2, respectively. The sensor’s

sensing principle is based on the adsorption theory, which
mainly involves the reversible nucleophilic addition reaction
between formaldehyde molecules and primary amine groups in
PAAm and PVAm. The positive reaction is the process of
adsorbing formaldehyde, and the reverse reaction is the
desorption process of formaldehyde, as shown in Figure 1.
The carbon−oxygen double bond of the formaldehyde
molecule has a σ bond and a π bond, and the carbon−oxygen
double bond in the molecule exhibits polarity because of the
electronegativity difference between carbon and oxygen atoms.
The oxygen atom has a stronger electron adsorption force,
which causes the common electron pair in the carbon−oxygen
double bond to move to the oxygen atom. Therefore, the
oxygen atom is negatively charged and the carbon atom is
positively charged, which eventually causes the nucleophile to
move to the carbon atom first and combine with it. At the
same time, there is a lone pair of electrons in the amine group,

which can easily become a nucleophile (negatively charged) to
attack the electrophile (positively charged). After the reaction
is complete, the carbon−oxygen double bond in the form-
aldehyde molecule is broken, forming two new covalent bonds
via a chemical adsorption reaction, which can improve the
adsorption of the composite sensitive membrane with
formaldehyde, and the reversibility of the reaction ensures
that the QCM sensor has excellent repeatability. The primary
amine group in the PVAm molecule is higher than that of
PAAm. MWCNT is considered a promising nanofiller in
polymer nanocomposites due to its excellent properties, such
as high mechanical strength and toughness, as well as high
surface energy and small size. It is possible to enhance the
sensitivity and selectivity by surface treatments and organic and
inorganic functionalization.42,43 Therefore, the PVAm/
MWCNT composite film QCM sensor has superior sensitivity
and a detection limit that can reach 0.5 ppm.

QCM Sensor Detection System. In this paper, a set of
OpenQCM detection system for measuring gas concentration
is designed, as shown in Figure 3. The system includes an
OpenQCM tester, a computer, a high-purity argon bottle, a
temperature-controlled gas chamber, a microsyringe, a
thermometer, and a stopwatch. The volume of the gas
chamber is 5.47 L, and the upper end of the gas chamber is
the main inlet of argon, the mouth of the microsyringe, and the
mouth of the thermometer. An exhaust hole is set in the lower
right corner of the gas chamber to expel gas from the gas
chamber. The purpose of the microinjector is to inject a certain
concentration of formaldehyde into the gas chamber to create
an environment with different concentrations of formaldehyde.
The density of argon is higher than that of air and
formaldehyde. Argon is helpful to exhaust air and water
vapor in the air chamber or formaldehyde residual gas and vent
hole, which can be used to remove harmful gas from the air
chamber for pollution-free treatment. OpenQCM software and
OpenQCM hardware are installed in the computer to measure,
read, and save data. The rated frequency is 1−25 MHz, the
supply voltage is +3.3 V, the power is 66 mV, and the
temperature sensor is a 10 K thermosensitive resistor. Figure 4
is the schematic diagram of HCHO adsorption of QCM
sensor. In early gas environment under test, the gas adsorption
on the composite film cause mass increases, the frequency by
the steady state suddenly drop, when frequency stability is not

Figure 1. Principle of nucleophilic addition reaction between PAAm
and formaldehyde.

Figure 2. Principle of nucleophilic addition reaction between PVAm
and formaldehyde.

Figure 3. OpenQCM testing system.
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reduced. It means that the composite film is saturated, then the
concentration of the gas under test can be calculated by the
frequency response value.
Preparation of Composite Film on QCM. Raw materials

required for the preparation and coating of the composite
membrane include polyacrylamide (PAAm), polyvinylamine
(PVAm), polyvinylpiroketone (PVP), anhydrous ethanol,
acetone, and deionized water. The temperature of the
preparation environment is 25 °C. MWCNTs (300 mg) and
PVP dispersing agent (60 mg) weighed using a microbalance
were poured into a beaker, 99.64 mL of deionized water was
added, the beaker mouth was sealed with plastic wrap (to
prevent water evaporation in the solution), then twice sealed
with tin foil, and put into an ultrasonic cleaner for ultrasonic
stirring for 30 min (i.e., 5 min × 6 times) to ensure the
uniform dispersion of MWCNTs. After ultrasound treatment,
the dispersion was centrifuged and settled by centrifugation at
a rate of 2000 r/min. The centrifugation time was set at 30
min. The upper liquid was 0.3 wt % MWCNT water
dispersion. PAAm solid particles (200 mg) were weighed
with a microbalance, carefully poured into a clean beaker, 39.8
mL of high-purity deionized water was added to the beaker,
stirred thoroughly with a glass rod to obtain a concentration of
5 mg/mL PAAm aqueous solution, the beaker was sealed with
plastic wrap and tin foil, and finally the beaker solution was put
in an ultrasonic cleaner and ultrasonically stirred for 30 min to
obtain a 5 mg/mL PAAm aqueous dispersion. PVAm particles
(262.5 mg) were taken in a beaker, 35 mL of deionized water
was poured into it and sealed with plastic wrap and tin foil, and
finally the beaker solution was put in a KQ218 ultrasonic
cleaner for ultrasonic shaking for half an hour to completely
disperse PVAm in deionized water. Then, 7.5 mg/mL PVAm
aqueous dispersion was obtained. A disposable dropper was
used to take 0.3 wt % MWCNTs and 5 mL of PAAm, PVAm
aqueous dispersion, slowly dripped into the beaker, gently
shaken to obtain a full mixture of PAAm and MWCNTs,
stirred with a glass rod for 2 min, and used plastic wrap to seal
the beaker. To ensure that the MWCNTs and PAAm aqueous
dispersion are fully mixed, we use tin foil to seal the beaker,
which was then placed in an ultrasonic cleaner with ultrasonic
stirring for 30 min, and finally prepare the required PAAm/
MWCNT composite membrane.
To reduce the influence of external factors on the composite

film, the beakers, two buckets of drying dishes, and glass rods
used in the experiment were thoroughly cleaned with acetone,
anhydrous ethanol, and deionized water before the composite
film was made and then dried in a drying oven at a high
temperature. The PAAm dispersion solution and 0.3 wt %
MWCNTs were mixed to prepare the required PAAm/
MWCNT composite membrane solution. The coating plat-

form is shown in Figure 5. The composite film was prepared by
the gas atomization method, and the principle of mist film

formation was adopted using the carrier gas pressure to
compress the dispersion liquid. The film was uniformly sprayed
on the QCM gold electrode, and with the increase of spraying
time, the film would gradually form. This process has the
characteristics of low cost, easy operation, and rapid coating,
which can be used for materials with low water-soluble
viscosity. Before making the composite film, the QCM chip
should be carefully cleaned, and the composite film solution
should be loaded into the spray pen after cleaning for spraying.

Study on the Characteristics of Formaldehyde Sensor
Based on the PAAm/MWCNT Composite Membrane.
The QCM sensors were tested before injecting formaldehyde
to test the stability of the sensors; the jitter diagram of the
sensor over 787 s is shown in Figure 6, where the room

temperature was 26 °C. It can be seen that the steady-state
frequency value of the QCM sensor lies below 0.4 Hz without
injecting formaldehyde; therefore, the subsequent test results
will not be affected by frequency fluctuation errors. To study
the sensitivity of the composite sensitive film sensor to
formaldehyde, MWCNTs, PAAm, and PAAm/MWCNTs were
coated on the electrode to obtain three sensors. The three
sensors were put into the gas chamber one by one; argon was
pumped to remove the water vapor and other interfering gases
in the gas chamber; and the influence of external factors on the
experiment was determined. With OpenQCM detection
system frequency of testing sensor, 4 ppm of formaldehyde
was injected into the gas chamber when the QCM sensor
reaches a certain value of frequency, to test the changes in

Figure 4. Diagram of QCM adsorption formaldehyde.

Figure 5. Composite film QCM coating platform.

Figure 6. Stability of QCM sensor over 787 s.
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sensor frequency. When the sensor frequency reaches a stable
value, argon is injected again to drain the gas chamber, gas
indoor formaldehyde content is reduced, adverse reaction is
triggered, and formaldehyde molecules in the composite
membrane peel from the composite film. Finally, the
adsorption is completely ceased. The composite film thickness
has an influence on sensitivity. According to the Sauerbrey
equation, the frequency of the QCM sensor is inversely
proportional to the mass of the sensitive film coated on the
electrode, so the thickness of the sensitive film can be
determined according to the change of the QCM frequency.
The more massive the sensitive membrane, the more
formaldehyde can be adsorbed molecularly by the membrane
surface, so increasing the film thickness can improve the
sensitivity of the sensor. However, experiments show that the
response time and recovery time are longer with the thicker
film on the QCM electrode, and when the film thickness is too
large, the effective adsorption area of the composite film will
reach a fixed value and the QCM chip will stop oscillating.
Therefore, to maximize the sensitivity, the optimal film
thickness should be determined experimentally. Different film
thicknesses can be obtained through different spraying times,
and the response characteristics at 3 ppm were detected. To
study the influence of different proportions of PAAm/
MWCNTs membrane on the characteristics of sensors, four
thin films with a 0.5:1/1:1/1:2/2:1 volume ratio of PAAm/
MWCNTs were prepared, with a thickness of 0.25 μm, and the
frequency difference before and after coating is 5593.0 Hz at

room temperature. The four sensors were detected in the
environment of 4 ppm formaldehyde after 24 h after drying.
To study the response characteristics of the sensor to different
concentrations of formaldehyde, a sensor with a 1:1 composite
membrane ratio of PAAm/MWCNTs and a frequency
difference of 5593.0 Hz before and after coating was prepared
and placed in an air chamber to measure different
concentrations of formaldehyde at room temperature.
Repeatability refers to the degree of consistency of each
measurement when the sensor detects the same physical
quantity, which is an important index to describe the
performance of the sensor. The response characteristics were
tested in a 3 ppm environment, and the desorption process of
formaldehyde was completed by injecting high-purity argon
into the detection chamber, and the recovery performance of
the QCM sensor to formaldehyde was tested. The same
operation was repeated three times. The QCM sensor is
vulnerable to interference by other volatile organic gases
during gas detection. To test the selectivity of the sensor, four
kinds of VOCs were used to study the selectivity of PAAm/
MWCNTs-QCM. Under the same experimental conditions, 4
ppm formaldehyde, ethanol, chloroform, and propylene oxide
were injected into the gas chamber for testing. The QCM
sensor was connected to the OpenQCM detection system and
put into the temperature control test box. Formaldehyde (3
ppm) was injected into the test box, and the temperature in the
thermostatic test box was adjusted. The influence of temper-

Figure 7. (a) SEM image of evenly mixed PAAm/MWCNTs, and (b) SEM image of not evenly mixed PAAM/MWCNTs, (c) SEM image of
mixed PVAm/MWCNTs, and (d) result of elemental analysis.
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ature on the gas-sensitive characteristics of the sensor was
tested from 25 to 85 °C at intervals of 5 °C.
Formaldehyde Sensor Characteristics Based on the

PVAm/MWCNT Composite Membrane. PVAm particles
were added to deionized water, and ultrasonic oscillation was
performed in the ultrasonic cleaner for 30 min, which was the
same as the preparation method of PAAm/MWCNTs.
MWCNTs and PVP dispersants were added to deionized
water to prepare dispersants. The dispersion of MWCNTs and
PVP was mixed at 1:1 and then oscillated to obtain the
composite membrane solution. The solution was atomized and
coated to obtain PVAm-QCM and PVAm/MWCNTs-QCM
sensors. PVAm-QCM and PVAm/MWCNTs-QCM sensors
were compared, and they were put into a 4 ppm formaldehyde
environment for comparison. To test the measuring range of
the sensors, 0.5, 1, 2, 3, 4, and 6 ppm formaldehyde were
injected into the gas chamber for testing. The gas chamber was
injected with 3 ppm formaldehyde. When the signal was in
steady state, argon was injected for desorption, and the
operation was repeated three times. The selectivity and
temperature characteristic test was performed in the same
manner as the PAAm/MWCNT test.

■ RESULTS AND DISCUSSION
Figure 7 shows the electron microscopy images of PAAm/
MWCNT and PVAm/MWCNT membrane samples. It can be
seen that there are uniformly distributed multiwalled carbon
nanotubes on the surface of the QCM. The dense network
distribution can indicate that the surface area of the material is
greatly increased. Ultrasonic treatment is 30 min, and Figure
7b shows the result of PAAm/MWCNTs with ultrasonic
treatment for 20 min. It can be seen that a suitable ultrasonic
time can effectively reduce the densification of MWCNTs,
thereby achieving uniform dispersion of MWCNTs in the
polymer. Elemental analysis shows that carbon, nitrogen, and
oxygen are evenly distributed on the gold electrode. Figure 8

shows the Fourier transform infrared (FT-IR) spectra of
PAAm/MWCNTs and PVAm/MWCNTs. The FT-IR graph
shows that PAAm/MWCNTs and PVAm/MWCNTs have
characteristic peaks of free −NH2 at 3154 and 3179 cm−1,
respectively. N−H bending vibration absorption peaks appear
at 1647 and 1650 cm−1. The graph indicates the existence of
primary amine groups of the composite membrane.
The frequency response of PAAm/MWCNTs-QCM and

PVAm/MWCNTs-QCM at 4 ppm is shown in Figure 9.

The frequency response and response time are shown in
Table 2. The response time is defined as the time from the
beginning of formaldehyde injection to the test frequency value
that fluctuates and stabilizes within 0.4 Hz

From Figure 9 and Table 2, all of the five kinds of sensors
can return to the initial value. The response value of single-film
QCM sensors was smaller than those of composite membrane
QCM sensors. As for the response time, sensors coated with
PAAm and PAAm/MWCNTs respond quicker than the
sensors coated with PVAm and PVAm/MWCNTs, and
composite film sensors respond quicker than the single-film
sensors. A single MWCNT membrane sensor showed little
response to formaldehyde. It was proved that the frequency
change of the composite membrane sensors was caused by the
nucleophilic addition reaction between the primary amine
group in the PAAm or PVAm molecule and the formaldehyde
molecule, and the mass increase was caused by the adsorption
of the formaldehyde molecule on the QCM electrode. The
frequency response of the composite film is more apparent
than that of the single-film sensor, which is due to the specific
surface area of the MWCNTs nanofiber film, which is
conducive to the diffusion of formaldehyde gas and has more
formaldehyde adsorption points per unit area. The linear fitting
curve of the relationship between QCM frequency and
formaldehyde concentration is shown in Figure 10. The
sensitivities of PAAm/MWCNTs-QCM and PAAm-QCM
were 0.52 and 0.39 Hz/ppm, respectively, and that of
PVAm/MWCNT-QCM was 0.74 Hz/ppm.
Gas sensing characteristics of PAAm/MWCNTs-QCM with

different film thicknesses at 3 ppm formaldehyde are shown in
Figure 11. The test results of different PAAm/MWCNTs-
QCM at 3 ppm formaldehyde are shown in Table 3. The

Figure 8. FT-IR graph of PAAm/MWCNTs and PVAm/MWCNTs.

Figure 9. Comparison of the gas-sensitive characteristics of PAAm,
PAAm/MWCNTs, PVAm, and PVAm/MWCNTs membrane to 4
ppm formaldehyde.

Table 2. Frequency and Time Response of the Four Kinds
of Sensors at 4 ppm

coated material
frequency response

(Hz)
response time

(s)
recovery time

(s)

PAAm 2 140 160
PAAm/MWCNTs 3 80 100
PVAm 2.5 365 200
PVAm/MWCNTs 4.5 485 195
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frequency difference before and after coating is used to
represent the film load. According to the experimental results,
within a certain range, the response value of the PAAm/
MWCNT composite film sensor is proportional to the
thickness of the film, and it can be seen from the experimental
results that its response and recovery time increase with the
increases of film thickness. It can be seen that the composite
film thickness has a significant influence on the QCM sensor.
When the frequency difference caused by coating thickness is
2397.0 Hz, the response value is 0.9 Hz, because its response
value is low and it is not easy to detect in the complex test
environment. The frequency difference caused by coating
thickness is 7191.0 Hz, and the sensor response value is 3.0 Hz,
compared with the value of 5593.0 frequency difference, which
is not significantly different, but its response and recovery time

are significantly extended, thereby affecting the test efficiency.
According to the analysis of this phenomenon, it is believed
that the increase of loading amount of the sensitive membrane
leads to the delay of the gas transfer rate of the sensor in the
fiber material. Theoretically, the larger load of sensitive film,
the more gas the film can absorb. However, due to the
limitation of actual materials, excessive film thickness will
reduce the ratio of surface area to thickness and the porosity of
the composite film, thus reducing the overall performance of
the QCM sensor. In the experiment, the resonant frequency of
the QCM is 10 MHz and the electrode radius is 3 mm.
Therefore, it can be calculated that the change in frequency of
1 Hz is caused by a mass change of 1.25 ng for practical
application consideration; it requires a trade-off between
response time and response value, frequency difference caused
by coating thickness was selected as 5593.0 Hz, and the
optimal thickness of the sensitive film was calculated as 0.25
μm. Gas sensing characteristics of PAAm/MWCNTs with
different ingredient proportions of composite film detected at 4
ppm formaldehyde are shown in Figure 12. The test results of
QCM for 4 ppm formaldehyde are shown in Table 4,

By analyzing the experimental data, it can be concluded that
the sensor with a ratio of 2:1 has the highest response value
because more formaldehyde molecules have nucleophilic
addition reaction with PAAm, but its response and recovery
time are also the longest. Compared with the other three ratio
sensors, the response value of the 1:1 ratio sensor matched
with that of 1:2, about 1.5 Hz higher than that of the sensor
matched with 0.5:1, and its response time and recovery time
were shortened by 70 s compared with that of the sensor
matched with 1:2. When the ratio is 1:1, the formaldehyde
molecule and PAAm have an appropriate effective area and the
carbon nanotube fully disperses PAAm to maximize the

Figure 10. Relationship between frequency variation and concen-
tration of PAAm, PAAm/MWCNTs, and PVAm/MWCNTs-QCM.

Figure 11. Gas sensing characteristics of different PAAm/MWCNTs-
QCM at 3 ppm formaldehyde.

Table 3. Test Results of PAAm/MWCNTs-QCM at 3 ppm
Formaldehyde with Different Film Thicknesses

frequency difference before and
after film coating (Hz)

frequency
response value

(Hz)

the
response
time (s)

recovery
time (s)

2397.0 0.9 31 35
5593.0 2.5 60 65
7191.0 3.0 120 130

Figure 12. Gas sensing characteristics of PAAm/MWCNTs-QCM
with different ingredient proportions at 4 ppm formaldehyde.

Table 4. Test Results of PAAm/MWCNTs-QCM at
Different Proportions to 4 ppm Formaldehyde

PAAm/MWCNTs
proportion

response
time (s)

recovery
time (s)

frequency response
value (Hz)

0.5:1 95 100 1.4
1:1 100 93 2.5
1:2 175 163 2.5
2:1 345 483 6.1
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contact with the formaldehyde molecule, and the nucleophilic
addition reaction occurs. Similar to response value, response
time and recovery time are also the main performance
indicators for the evaluation of the sensor; in summary, the
optimal ratio of PAAm and MWCNTs is 1:1, which is adopted
in subsequent experiments. Formaldehyde gas of 0.5, 1, 2, 3, 4,
6, and 8 ppm was successively injected into the gas chamber
and tested separately. The gas sensing characteristics of
PAAm/MWCNTs-QCM and PAAm/MWCNTs-QCM to
formaldehyde at different concentrations are shown in Figure
13.
It can be seen from Figure 13 that the reaction between

composite membrane and formaldehyde molecules leads to an
increase in the mass of the composite film, which leads to a
decrease in the frequency of the QCM sensor. When the
frequency drops to a dynamic equilibrium, the sensor
frequency continues to decrease if the concentration is
increased. To test the recovery characteristics of the sensor,
argon gas is slowly injected into the gas chamber and the
frequency of the QCM sensor will be out of the dynamic
equilibrium state. With the decrease of formaldehyde
concentration, the frequency will gradually increase and finally
returns to the initial state. To complete the desorption process,
argon can be injected into the gas chamber for a period of time
to reduce the formaldehyde concentration in the gas chamber
to zero. According to the analysis data, the two composite film
QCM sensors had a good response to formaldehyde, that is,
the recovery was fast and relatively complete and the baseline
did not drift, and the low limit of the PAAm/MWCNTs sensor
detection was 1 ppm and that of PVAm/MWCNTs is 0.5 ppm.
When the formaldehyde concentration exceeded 8 ppm (6
ppm for PVAm/MWCNTs), the response value of the QCM
sensor did not increase significantly any longer, indicating that
the composite film did not absorb formaldehyde molecules. It
is inferred that the reason for this phenomenon is that the
reaction between formaldehyde molecules and composite film
reaches a dynamic balance, and the composite film no longer
absorbs formaldehyde. Excessive formaldehyde will cause the
composite membrane to produce “toxic phenomenon”. The
PAAm/MWCNTs-QCM sensor and PVAm/MWCNTs-QCM
sensor were tested in the 3 ppm environment alternated to
desorption environment three times. The results are presented
in Figure 14.

It can be seen from the figure that the response value of the
sensor to the 3 ppm formaldehyde environment is 2.5 Hz and
that of PAAm/MWCNTs-QCM is 3.5 Hz, and the results of
the three times experiment are essentially the same. After argon
was injected, the curve returned to the initial position,
indicating that the sensors have good repeatability and good
reversibility and that it can be reused many times, thereby
reducing the cost.
For the selectivity test of the sensor, the test result after

injecting the interfering gas is shown in Figure 15.
It can be observed from the figure that the response value of

the sensor to formaldehyde is far greater than those to other
gas; for PAAm/MWCNTs-QCM sensor, the frequency
response of formaldehyde is 3.0 Hz and that of PAAm/
MWCNTs is 4.5 Hz. For other organic gases, the response
degree of the sensor to them from high to low is C3H6O,
CHC13, C2H5OH, CH3OH, the response of the sensor for the
gas is less than 0.5 Hz, it can be inferred that PAAm/
MWCNTs-QCM has superior selectivity to the formaldehyde
gas and is almost unaffected by other gases.
The response characteristics of the two composite

membrane sensors at different temperatures are shown in
Figure 16.
The curve in the above figure shows that the sensor’s

response is inversely proportional to temperature. In the high-

Figure 13. (a) Gas sensing characteristics of PAAm/MWCNTs-QCM to different concentrations of formaldehyde and (b) sensitive characteristics
of PVAm/MWCNTs-QCM at different concentrations of formaldehyde.

Figure 14. Repetitive detection of PAAm/MWCNTs and PVAm/
MWCNTs-QCM in the 3 ppm formaldehyde environment.
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temperature environment, there is a rapid desorption of
formaldehyde during the adsorption of formaldehyde by a
composite membrane. Therefore, the adsorption of form-
aldehyde by the composite film of QCM sensor is less,
resulting in a relatively low response value. The data also
showed that it worked well at room temperature and had a
high response value, which could be used for formaldehyde
detection in daily life.

■ CONCLUSIONS
In this paper, PAAm/MWCNTs and PVAm/MWCNTs
composite membranes were prepared by the air-spray method.

The gas-sensitive characteristics to the formaldehyde environ-
ment at room temperature were explored. At room temper-
ature, the influence of the composite film thickness of PAAm/
MWCNTs and the proportion of the configuration of PAAm/
MWCNTs on the QCM sensor was studied. The optimal
process parameters were determined by multiple tests:
frequency difference before and after the formation of the
film, 5593.0 Hz; film thickness, 0.25 μm; and proportion of the
configuration of the composite film, 1:1. The gas sensitivity of
the sensor at different concentrations of formaldehyde was
analyzed. The experimental results show that the sensor has a
lower limit of 1 ppm for formaldehyde, a detection range of 1−
8 ppm, and a sensitivity of 0.53 Hz/ppm. The sensor also has
good reproducibility, selectivity, and high sensitivity at room
temperature. The mechanism of the interaction between
PAAm/MWCNT composite film and formaldehyde is mainly
due to the reversible nucleophilic addition reaction between
PAAm primary amine groups and formaldehyde molecules at
room temperature. To further reduce the monitoring lower
limit of the sensor, sensitive materials with more primary
amine groups were selected to produce the optimal PVAm/
MWCNT composite membrane QCM sensor, and the gas
sensing characteristics of the sensor to the environment with
different concentrations of formaldehyde were analyzed. The
experimental results show that the sensor has a minimum
detection limit of 0.5 ppm, a detection range of 0.5−6 ppm,
and a sensitivity of 0.74 Hz/ppm. The sensor also has good
reproducibility, selectivity, and high response at room
temperature. The two kinds of sensors designed in this paper
are characterized by fast response, low cost, and easy
preparation. They can be used to detect a low concentration
of formaldehyde, which is of great significance for the
detection of environmental quality.
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Figure 15. (a) Selectivity detection of PAAm/MWCNTs-QCM and
(b) selectivity detection of PVAm/MWCNTs-QCM.

Figure 16. Influence of temperature on the gas sensitivity character-
istics of PAAm/MWCNTs-QCM and PVAm/MWCNTs-QCM.
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