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Although many aniline vapor sensing materials have superior properties based on the quartz crystal
microbalance (QCM) platform, they exhibit very slow response. Herein, we report an effective method to
evenly synthesize carboxylated cellulose aerogels via 2,2,6,6-tetramethylpiperidine-1-oxy radical
(TEMPO)-mediated oxidation. The carboxylated cellulose aerogel was first employed to detect aniline
vapor based on a QCM and featured a high response, good selectivity, satisfactory repeatability and
stability, and especially rapid response (the response/recovery times were 13 s/8 s, respectively). The
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Accepted 3rd August 2022 Gaussian 09 software was used to simulate the sensing mechanism, which revealed that the weak
chemical adsorption between the carboxyl group in the carboxylated cellulose aerogel and the amino

DOI: 10.1039/d2ra03641j group in aniline is the main interaction. These systematic studies show that the carboxylated cellulose
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1. Introduction

Aniline is a carcinogen that has adverse effects on human
health, causing chronic poisoning and damage to the liver,
kidney and skin." Aniline is also widely used as an accelerator
for the vulcanization of dyes, resins, and rubbers.? Therefore,
the development of an aniline sensing system is urgently
required. A variety of analytical methods have been reported for
the determination of aniline, including spectrophotometry,?
chromatography,* and electrochemical methods.> However,
these methods are complex and time-consuming. In contrast,
chemical sensors are widely used because of their simplicity,°
and so it is necessary to develop gas sensors that can quickly
detect aniline vapor.

A gas sensor is a kind of device that can detect a variety of
target gases in real-time.” Due to the need for reducing power
consumption, quartz crystal microbalances (QCMs) operating
at room temperature have recently attracted wide attention in
the field of gas sensors.® By developing different sensitizing
materials, QCMs can be endowed with diverse gas targeting and
sensing performances.” For example, hydroxyl-containing
Cu(OH), nanowires are used to detect humidity,"
fluoroalcohol-functionalized SBA-15 is used to detect dimethyl
methyl phosphonate,™ etc.
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aerogel is expected to be a good sensing material for detecting aniline vapor indoors and outdoors.

Similarly, many sensing materials are designed and coated
with QCMs to detect aniline vapor, including UIO-66,"
hydroxyapatite,® and carbon nanocage-embedded nanofibers.*
The sensitivity, selectivity and stability of these sensors to
aniline vapor are satisfactory, but their response and recovery
take several minutes. It is obvious that a long response time is
not conducive to timely alarms, and a long recovery time is not
conducive to reusing the sensor.” Therefore, it is necessary to
develop novel aniline sensing materials with rapid response/
recovery.

As a novel kind of adsorption material, aerogel has the
advantages of light weight, high porosity, high surface area, and
low density compared with other traditional porous mate-
rials.’®"” These advantages are important for the QCM platform
based on adsorption to achieve sensing capabilities.®'® Herein,
we designed a QCM sensor based on carboxylated cellulose

Aniline
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=
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Fig. 1 Scheme of the present experiment.
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aerogel for the rapid detection of aniline vapor, as shown in
Fig. 1. The response and recovery times are 13 s and 8 s,
respectively. This should be attributed to the abundant pore
structure of the aerogel,* which is conducive to enhancing the
speed of aniline molecules in and out. The sensitivity, selectivity
and stability of this sensor are also superior. Simulated calcu-
lations based on the Gaussian 09 software show that the
carboxyl groups in the structure of the carboxylated cellulose
aerogel play a key role.

2. Experimental section

2.1. Materials

2,2,6,6-Tetramethylpiperidine-1-oxy and methylene blue were
obtained from Alfa Aesar. All the other reagents were purchased
from Sinopharm Chemical Reagent Co. Ltd. QCM resonators
with silver electrode were purchased from Chengdu Westsensor
Co., China.

2.2. Synthesis of the carboxylated cellulose aerogel

The processes of synthesizing the carboxylated cellulose aerogel
are displayed in the ESLt Fig. 2 shows the schematic process of
the TEMPO oxidation of the cellulose aerogel. The carboxylated
cellulose aerogels with different sodium hypochlorite addition
amounts (1, 3, 5, and 7 mmol g~ ') were named CA-C-1, CA-C-3,
CA-C-5, and CA-C-7, respectively.

2.3. Characterization

The characterization instruments and methods of the above
materials are shown in the ESL{
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2.4. Fabrication and test methods of the QCM sensor

The fabrication and test methods of the sensor are obtained
from a previous report and are described in detail in the ESL{**
Fig. S17 in the ESI shows a schematic of the testing system.

2.5. Gaussian calculations

Based on a previous report,”> we explored the sensing mecha-
nism via simulation calculations and described the relevant
parameters in detail in the ESL}

3. Results and discussion

3.1. Material characterization

Fig. 3a shows an SEM image of CA-C-1. The image shows
abundant pore structures with pore sizes ranging from 10 um to
100 um. The fibers in some areas have built plates or flocks or
flat ribbons. The infrared spectrum of CA-C-1 is shown in
Fig. 3b. The vibration peaks appear at 3411.02 cm
2919.26 cm ™' and 1434.82 cm ™, corresponding to the stretch-
ing vibrations of the -OH, C-H and C-O groups. Besides, the
carboxylated cellulose aerogel has a vibration peak at
1630.35 cm ™', which belongs to the stretching vibration of the
carboxylate group.” In conclusion, the carboxylation reaction
takes place on cellulose, in which the hydroxymethyl part is
transformed into a carboxylate group.

Fig. 4a shows the carboxyl content of the carboxylated
cellulose aerogels prepared with different addition amounts of
sodium hypochlorite. In the process of the TEMPO-mediated
oxidation of cellulose, the content of carboxyl groups was
mainly affected by the addition amount of sodium hypochlorite.
As shown in Fig. 4a, the content of carboxyl groups increases
with the increase in the amount of sodium hypochlorite added.
Therefore, the carboxyl content of the carboxylated cellulose
aerogels we synthesized is in the order of CA-C-7 > CA-C-5 > CA-
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Schematic process of the TEMPO oxidation of the cellulose aerogel.
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Fig. 3

C-3 > CA-C-1. This should be attributed to the continuous
enhancement of the carboxylation reaction. Fig. 4b shows the
porosity of the carboxylated cellulose aerogels with different
sodium hypochlorite addition amounts. The porosity of the
carboxylated cellulose aerogels we synthesized is in the order of
CA-C-3 > CA-C-5 > CA-C-1 > CA-C-7. The carboxylated cellulose
aerogels have high porosity with a maximum value of 87%,
which should be attributed to their regular three-dimensional
pore structure. However, excessive addition of sodium hypo-
chlorite (7 mmol g~') leads to excessive carboxylation of the
cellulose aerogel, and the porosity tends to decrease instead.

3.2. Sensing properties

Fig. 5a presents the frequency response of six kinds of QCM
sensors based on various sensing layers, including pristine
QCM, cellulose aerogel (CA), and the four kinds of carboxylated
cellulose aerogels (CA-C-1, CA-C-3, CA-C-5, and CA-C-7) towards
1, 10, 20, 30 and 40 ppm aniline vapor at 298 K (ppm represents
parts per million in volume). It can be clearly observed that the
CA-C-5-based QCM sensor exhibits an obviously larger response
under various concentrations of aniline vapor. This should be
attributed to the high carboxylic content and porosity of CA-C-5,
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(a) SEM image of the TEMPO-oxidized cellulose aerogel. (b) FT-IR spectrum of the TEMPO-oxidized cellulose aerogel.

as shown in Fig. 4. Abundant carboxylic sites provide plenty of
reactive sites for the amino groups in aniline molecules, and
high porosity allows more aniline molecules to pass through.
Therefore, CA-C-5 was selected as the optimal QCM sensing
layer for further research.

The real-time sensing curve in Fig. 5b records the response of
the CA-C-5-based QCM sensor with the concentration of aniline
vapor in the range of 1 to 40 ppm. The limit of detection of the
CA-C-5-based QCM sensor for aniline vapor is lower than 1 ppm.
This real-time sensing curve can be further transformed into an
isotherm, as shown in Fig. 5c. The relationship of the response
versus the concentration of aniline vapor was explored by fitting.
The fitting function is calculated to be y = 7.17x + 1.25 for the
CA-C-5-based QCM sensor. The corresponding correlation
coefficient (R) is 0.9986. Clearly, the CA-C-5-based QCM sensor
possesses linearity towards aniline vapor concentration. Fig. 5d
exhibits the response/recovery curve of the CA-C-5-based QCM
sensor exposed to 1 ppm aniline vapor. The result shows that
the response and recovery times of the CA-C-5-based QCM
sensor towards aniline vapor are about 13 and 8 s, respectively.
The response and recovery times of the CA-C-5-based QCM
sensor are excellent. Table 1 lists the response and recovery
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(a) Carboxyl content of the carboxylated cellulose aerogels prepared with different NaClO addition amounts. (b) Porosity of the

carboxylated cellulose aerogels prepared with different NaClO addition amounts.
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(a) Response of six kinds of QCM-based sensors to 1-40 ppm aniline vapor at 298 K. (b) Dynamic response curve of the CA-C-5-based

QCM sensor when exposed to aniline vapor from low to high concentration at 298 K. (c) Fitting curve of the correlation function between
response and aniline concentration. (d) Typical response/recovery curve of the CA-C-5-based QCM sensor to 1 ppm aniline vapor at 298 K.

times of some aniline sensing materials (including CA-C-5 from
this work) based on the QCM platform. The response and
recovery times of these reported aniline sensing materials are
more than 60 s. In contrast, the response time (13 s) and
recovery time (8 s) of the CA-C-5-based QCM sensor show its
rapid sensing ability.

Repeatability is a significant performance index of gas
sensors.” Fig. 6a shows the repeatability test result of the CA-C-
5-based QCM sensor for 40 ppm aniline vapor at 298 K. The
sensor was exposed to 40 ppm aniline vapor and flushed with
pure air for three successive cycles. The response under the
same exposure concentration is almost unchanged, which

shows the favorable repeatability of the CA-C-5-based QCM
sensor. As shown in Fig. 6b, five different vapor concentrations
(1, 10, 20, 30 and 40 ppm) were selected to test the long-term
stability of the CA-C-5-based QCM sensor at 298 K within 30
days. The response fluctuation of the CA-C-5-based QCM sensor
under the same concentration is very small, indicating its
excellent long-term stability.

Fig. 7a depicts the response of the CA-C-5-based QCM sensor
to 30 ppm aniline vapor under a test environment of 40-95%
RH. As the relative humidity increases, the response to aniline
vapor increases from 39.2 Hz at 40% RH to 65.7 Hz at 95% RH.
Environmental humidity plays a role in the detection of aniline

Table 1 Comparison between reported aniline sensing materials and this work

Response
Material time Recovery time Reference
UI0-66-(0H), 135 s 74s 12
Hydroxyapatite 151s 778 s 13
Carbon nanocage-embedded >300 s — 14
nanofiber
CA-C-5 13s 8s This work
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(a) Continuous repeatability test and (b) long-term stability test of the CA-C-5-based QCM sensor to aniline vapor at 298 K.

adsorption mass and reduce the fundamental frequency of the
CA-C-5-based QCM sensor.>® When aniline vapor is introduced,
aniline is adsorbed by the sensing material. Moreover, the
amino groups in aniline interact with the additional absorbed
water molecules through weak hydrogen bonds, which
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(a) Response of the CA-C-5-based QCM sensor to 30 ppm aniline vapor under different relative humidity conditions at 298 K. (b)

Selectivity tests of the CA-C-5-based QCM sensor to 1 ppm of various gases at 298 K. (c) Comparison of the response of the CA-C-5-based QCM
sensor to five kinds of vapor (the concentration of all vapors is set to 30 ppm). (d) Response data showing the selectivity of the CA-C-5-based
QCM sensor when exposed to aniline and interferent BTEX vapors with a concentration of 30 ppm.
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enhances the physical adsorption of aniline. Therefore, it is
expected to utilize post-processing, such as computational error
compensation, to enhance the accuracy of the actual aniline
sensing measurement in the future.

The selectivity of the CA-C-5-based QCM sensor was evalu-
ated by exposure to 1 ppm of various interferent gases at 298 K,
including ethanol, CO,, NO,, acetone, HCHO, and O,, as shown
in Fig. 7b. The response of this sensor to aniline vapor is
significantly higher than that to other gases.

During the process of aniline vapor detection, it is important
to improve the anti-interference ability of BTEX vapors, i.e.
benzene, toluene, ethylbenzene, and xylene vapors.>® We
compared the sensing performances towards aniline vapor and
BTEX vapors of the CA-C-5-based QCM sensor. The concentra-
tion of the five vapors was uniformly set at 30 ppm. As shown in
Fig. 7c, the responses of the CA-C-5-based QCM sensor to
aniline vapor, benzene vapor, toluene vapor, ethylbenzene
vapor, and xylene vapor are 45.7 Hz, 14.2 Hz, 15.5 Hz, 16.7 Hz
and 17.1 Hz, respectively, indicating the selective detection
ability of the CA-C-5-based QCM sensor to aniline vapor against
BTEX vapors. This should be attributed to the oxygenated
functional groups of CA-C-5, which can introduce hydrogen
bond adsorption with the -NH, group in the aniline structure.

Further, the CA-C-5-based QCM sensor was exposed to
aniline vapor mixed with four interfering BTEX vapors, namely
benzene vapor, toluene vapor, ethylbenzene vapor, and xylene

View Article Online
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concentration of all the five vapor systems was uniformly set at
30 ppm. The corresponding response data are listed in Fig. 7d.
It should be noted that after we introduced other vapors to
aniline vapor, although the response increased, the increase
was not significant, demonstrating the excellent selectivity of
this sensor against various interfering BTEX mixtures. Besides,
the response to the four interfering BTEX vapor mixtures (25.5
Hz) is much lower than that of aniline vapor (45.7 Hz). The
above results show that the CA-C-5-based QCM aniline sensor
has the advantage of resistance to BTEX vapors.

3.3. Sensing mechanism

Exploring the interaction mode between gas molecules and the
functional group of the sensing material is an efficient way to
obtain the sensing mechanism.”” However, there are many
different groups in the carboxylated cellulose aerogel. It is hard
to use experimental methods to explore their roles in the aniline
sensing process. Therefore, we used simulation calculations to
carry out the related exploration. Li and coworkers® reported
the molecular formula of carboxylated cellulose obtained after
the carboxylation of cellulose with TEMPO. The corresponding
monomer molecular structure is used for the simulation
calculations using the Gaussian 09 software. First, hydrogen
bond adsorption can occur between the oxygen atom of the
carboxyl group and the hydrogen atom of aniline. Additionally,

vapor, to further assess its practical selectivity. The the hydroxyl group of carboxylated cellulose can absorb the
> v
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Fig. 8 The Gaussian simulations of hydrogen bonding adsorption between aniline molecules and various groups of the carboxylated cellulose

monomer.
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ammonia group of aniline via hydrogen bond adsorption. The
thermodynamic parameters of the above adsorption processes
were simulated. As shown in Fig. 8, the enthalpy variation can
be extracted to be AH1 = —42.37 k] mol ', AH2 =
—23.14 kJ mol !, and AH3 = —26.81 k] mol . According to the
adsorption theories, reversible physical adsorption can be
qualitative when the AH is in the range of —40 to 0 k] mol . A
strong chemical reaction can be qualitative when the AH is less
than —80 k] mol . Weak chemical adsorption can be qualita-
tive when the AH is in the range of —80 to —40 k] mol ".?® Based
on the simulation results, aniline molecules will interact with
the hydroxyl and carboxyl groups after contacting the surface of
the carboxylated cellulose aerogel. Meanwhile, the interaction
with the carboxyl group belongs to weak chemical adsorption,
which plays the most important role in the aniline sensing
process.

4. Conclusion

In summary, a carboxylated cellulose aerogel has been devel-
oped as a QCM sensing material for rapid aniline detection for
the first time. The response and recovery times are as low as 13 s
and 8 s, respectively. In the aniline concentration range of 1 to
40 ppm, there is a linear relationship between the response and
aniline concentration. The detection limit of the sensor is lower
than 1 ppm. Based on the experimental results, the carboxylated
cellulose aerogel-loaded sensor shows excellent selectivity. Its
repeatability and stability are also favorable. The Gaussian 09
software simulation indicates that the carboxyl group is the
most important site for adsorbing aniline molecules. This work
supports the development prospect of green cellulose aerogel
materials in the field of gas sensors.
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